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PThe specific·turbidity.-of.a_suspension of particles i$ sim-
-ply related to a combined function of the scattering coefficient· K of 
the partzicles and their di~meter Din the form·K/D. It is shown how 
the rates of,, CQange of specific· turbidity- with the wavelength of light 
can· be used to determine the par~-!~.!~·_:s!;e.~ of sii~~~ ~Ild .~lutnina __ p:lg~---------~-~~...:.--------------------------··-··--- --····-·--·- --·-·· -i·-··--··-------------· -·------·· -······--···--- -------····-· -. 
-•" ······· ,. ....... 
ments and also to determine the CJ?mplfate particle· size distribution. of 
titanium dioxide pigments., anatase and·· rutile, on. the assumption that 
these materials distr.ibute themselves log-normall_y. The 111ethod de-
veloped has the advantage that prior knowledge of the pigment concen-
tration in the su-spension is not ·required~ .. 
---·-'·-···--~-------· . - .. - -·--~--------- --··------~·-· ... --, ---------- --- - -"-·-. ---~-· . - . . . '. ' ' .- . 
Particle diameters were determined from the slope of the 
.. 
specific turbidity vs. wavelength·curves for two silic~ and two alu-
mina pigments as a function of hydrogen ion concentration (pH). These 
experiments showed a definite maximum in particle size at a pH = · 6.0- -· -'l. . 
in three out. of the four pigments. In the case of the silica samples, 
-the pigment with the slightly h·igher surface area showed ·a particle 
diameter twice as large as the one with~the low surface a~ea at· 
pH= 6.0. In the case of the alumina pigments the same trend was ob-
. l . . 
. served as with the silicas but the mag-nitudes of the particle diam~_t~~-~----=--------
- ' 
____ ~ . -·~-r~io and surface area r~tio were quite .:,df~ferent .•. Fo_r the- alumina ___ !JJ ___ _ 
. -~------ ---
-
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--2. 0 for the sili.cas while the surface area ratio is 10.0 as compared 
'I<. 
' 
· ........ .....: tQ 1.25 for·the silicas. For·these pigments,. silica and alumina> the-
. : · . sample with the highest -surface area tended to flocculate to larger 
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---particle diameters than the other sample of lowe·r -surface area. 
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alumina. sample showed ·a . steady. increase in par.tic le diamete"r over the 
; pH range investigated and this change- was- related to a significant 
change in Brookfield viscosity determinations by an independent. in-
vestigation • 
The particle size and size distribution of rutile and·ana-
-----·-·----- -···--·----···-- ... 
t·ase, titanium dioxide pigments, were determined by measurement of 
the first and second derivatives of the specific tur.bidity vs. wave-
length·curves as a function of pH~ The rutile pigment did not show a 
significant change • the geometric standard deviation but the parti-1D 
·- .--.' .--···--··· -·-·-,-···•· ' . - ·,, ... 
cle diameter.decreased as the pH was increased. Anatase pigment 
showed a most~ si.gnificant change in both particle diameter and geo-
'., ... 
. . 
metric standard deviation with pH variation. ~ /~ The points of minimum ( ,, 
stability occurred at a pH= 4.50 and the maximum stability at pH= 
7.00. These points were shown to be real in that independent measure-_ 
ments of zeta potentials over the· same pH range showed the same trend. 
Electron micrographs (EM) were taken of the materials under 
•. 
. investigation in this work. In all cases the particle diameters and 
geometri~ standa_rd deviations as dete·rmined by light transmission were_ 
greater than the·ir EM counte-rparts. 
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The· extent. to . which· radiation incid-ent .. upon _a·. s 1uspe11sion of. 
particles in a transparent·medium is trap.smitted -is determined by ·the 
,- optical con.stants _of the particulate material and the medium, the size -~ ----------·-- --------·-· ' . 
. of the sµ.~pendep particles, and the wavelength of. the radiation. The 
' transparency of the su · · . sion at. various wavelengths and the. degree 
I.,.,. ----~ ~"~ •••• ._-,., •• -• .-a·--. '" • • - --- - - -- -~~-•--a-~-~--'-•C ---''-----~-·---------~---•••-- •·-·•• •-- .•--•--•-•-
~ o which transparency·varies with the wavelength yield information as 
to the av~rage particle. size and size distribution characteristics of 
the ma teria 1. 
. 
' Determination .of the particle size and particle size dis-
tribution from the light_ transmitted by ·a. suspension of particles has 
been the subject.of many_ investigations. There are-many reasons for· 
(l 
undertaking. such. studies. First, light· transmission measuremen:ts are 
·-
rapid; second, they_ ·may be made, where no other physical method. is pos-
. sible. For· example, R. Ao Dobbins' (1). work on the particle size of 
ct 
A~2o3 in the exha\IS t fume· of a rocket. mo.to; · burning a so lid fuel would 
hardly ·· have been pos·&ibJ.e by other ·techniques. Third, they can pro-
vide information about· the effective particle size chfo.ctertstics of 
. - - ... --- -
------------
;9' 
---------~--
I . 
-··-·-- --····· ~--pigment- materials- as- th·ey--,-exist_···in·pra·ctical -. dtspersions·; as contrast·;.·-·--···-------·-:·---- · -
,-.~~ 
· ed to ,the ideal. dispersion and primary_. particle. size determined by 
.·· electron microscopy o 
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ti-gh t tratjsmiss ion measurements,. or more properly, turbid-
--------------·- '---· 
'· 
-~--:- -~--- ity measureme~ts are '1Sed in the part_icle size me;asurements of a 
' ,. ' 
-variety of materials. ASTM methods exist with: such diverse subjects 
· as the size) of parti.'cles in· the atmosphere, Portland _·cement, and metal 
. powdets~ In many instances turbidimetry_ is 'USed as the sensing arm 
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~-··, ___ · ----:.·=:.:____ __ :_·-=- --pu-blications have described -their application· to -the· size measurement----
.,. 
of synthe.ti~ polymer lattices, s.ilver halides, carbon black· di-sper- . · 
. sions, and as mentioned previol)sly; rocket motor exbal)st fumes. · 
.... 
The first_significarit papers on·electromagnetic scattering 
were presented by. Lord Rayleigh(2). Rayleigh worked out the form of 
--~--t-he wave length---'t-1:a-nsmi-s-s-ion-'-e-ur-ve- 0 -for:··-t-he----·e-a-s-e----in----wh-ich-·· a-1-l pa·rt-i·c-le-s--
. . . . . . ~ 
• present are small in comparison.with the w~velength of light impinging 
on the particle, that is, the size pa·rameter, a, is very-small. The 
exact formulation for the scattering of an infinite plane electromag-
-
netic wave incident on a single spherical particle was derived inde-
pendently by P. Debye(3) and G. Mie(4)· in 1908-1909. It was shown by 
Debye and Mie that their equations reduced. to the Rayleigh Scattering 
Law when a becomes small. Ker er(S) points out that for a~0.5 the ex-
act equations of Debye and Mie should be-used. The Mie formulation 
.,,,. forms the basis for the rela.tion between turbidimetry. and particle 
size in all modern work on the subject. The quantitative application 
to a specific example was so difficult that it was not accomplished 
until Stratton(6) published the c~se fo~ water droplets in air in· 
I.-~·-··-...__ 
1931. Dur1.11g World War II,.r a group at Columbia University under 
-- _, . . .... -~l,;---.---
-~---- - .... · ,. __ ··--·------------------· 
- . 
! 
. ; 
V. K. LaMer was organized t9. study the properties of screening smoke·s .• 
-- - -- - - . - ·-
. 
. - ·- - - -- - -------- - - ~---- II 
---·---------, --They enl·isted the aid of Arnold Lowan. af The National Bureau of ·S·t-an--------- - .. · -~- ;i; 
II 
,I 
-- - - . ------- . -------------· - I 
----~~-=---=----!l~r_ds Mathematical Tables Proje~t. _ t9~a1.J._(7) calculated the total « -~~:-~---__- __ ...••.. _1 
· ... scattering coefficient (K) as a function of a from Mie theory· for _ 
I .. . . , . . I 
several different values of the relative refractive index (m). · Fol-
-;:.· 
lowing World War II;'"Lowan' s work was extended in range by 
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w. Pangonis(8) and R •. 9~ Gumpricht(9) .: but. it was not unt;il -.1964 · th~_;_ 
--ca-iciiiait:ions using ·modern" high' speed computers -·cove.ring the envelope . 
.of m and a values needed ·in -pigment: studies. ~ere made available by 
·M •. Kerker(lO). Kerker's tables cover m.from 1.60 to 2o08 in·.steps 0£ 
0.04 for ·a0.10 to 1.0.0.in:steps of 0.10. · The-exact Mie expressions" 
for a given ·value of._ m · can now be · calculated as rapidly_ as they can 
" ._ 
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be -interpolated from previoµsly ·existing tables. Several treatises 
are available.which describe these calculations in detail{ll)(12). 
For this investigation.,a computer· program was written using the tech-
. niques in_ references 11 an~ ~2. by · the author and Mr. Louis T. Persson, 
a graduate student alS~nvolved in light scattering work. 
\ 
. Mie theory ·may ·be applied to. systen;is of an array. of s.pheres .... -: ..... ---·-·-·------···- _ 
rather than a single sphere if (1) · the spheres are far enough apart 
so·that no.interaction occurs between a particle and the light-scat-
tered by another particle and (2)·the particles.are.so arranged in 
\ 
.. space· that the scattering .. is random. If t-hese conditions are met, 
the scattering intensities from the vario~s particles are additive 
and the problem of an array is reduced to t"hat of a .s"ingle sphere. If 
' ' 
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__ ·---------··;· ...... ---------~----··-·'-'""·'·-----····--··--··-·-···------B-eYeral .. sizes .are ... pres.ent., ... one ca.lculates ....... the.intensit.ies fo-r:each----;---------------~-------·----------·------··-
, size, weights them with· the appropriate. frequency and sums- the _p;~<!:-__ 
-ucts. 
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These included the measurement of 
• 
l :, v '·:. partic·le size·characteristics based on Mie theory in·botli_ae_rosols 
. _,, ........... , . . 
. · ....... . 
·· and liquid· S'1Spens·to~s~y ··direct transmission, variation. in angular 
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scattering. intensity, and· higher order Tynda 11 spec.t:ra $ At about · 
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, this time; methods _for ·making ·homodtsperse·:1attiees ~ere p~pi_i~,l'~~~~ ~-::_-=::~---~, __ ,------------~---.-----.. -·--:_·-~-===~~--~~~=--·------- ··- ----- -- -· 
Q 
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·- ··{ 
and. the light scattering· characteristics of these" materials became a 
---- :· .J' -
' .. -
•-". 
. . . .. ~ favorite.subject beca~se·they·could be made in a·range of particle ,._.. 
sizes with ·very-narrow 'limits for the distributio~ of sizes i~a.ny 
. one sample, the relative refractive ·index (m). of the system-.was within 
· the limits fer -which Mie tables were available, and the particle. size 
......... ------------------------ ______ ..... -----~·""" ____ ··-"- --
·--·--·----~---~ ·------
--
- .. -····--·'···-·----·-
~--·· --~---·- -------
of the lattices could be- determined. s~ply and reliably.-with · the elec-
tron microscope for comparisons·with·the results of the light scatter-
ing inves,tigatians. The papers by S. H. Maron(16) are cited. becaµse 0 . 
• 
.. they- cover . several different. types of light scattering,· measurements. -
Work by·R. A. Dobbins(l)·-was_ of special interest because he was, con-
., 
' \ 
\ 
I 
·····-"- , __ ,,; -- --··- .... 
• cerned- with an inorganic oxide (Al203). in a polydispersion ·in a prac-
' ,. 
- - - --·--.. ,--- ---· 
- ' 
-tical situation. The result was obtained by transmission-measurement 
at three different wavelengths but· it, involved certain assumptions, 
based on reasonable experimentation in other systems, respecting the 
character of the size distributio:n. A .series of a.rticles by Shifrin 
(17) (18) (19) and Gledhil1(20) demonstrate· that .the size- distribution 
' 
! 
-, . 
can·be obtained from transmission-measurements. Shifrin !~d--~~~-~!~~---- -~~~~~~ 
- -- -- - ---- --- ' - --
. socTii"tes have b,~en able to determine the- particle size and size dis-
- -· .- ---
- - '\--tribution of mushroom. spores and s.il ver · bromide in· gelatin -from . the 
spectral tra:g.smission. They assumed that the r-elative---~efract-ive· .. -i:n-----. · 
--
---- ----·-----~---,---
••. r 
__ '"i .• --· -··• 
_ ---·- -•• 
·dex was near unity.and constant over th~. -wavele_ngth·range. studied 
·--·------·-·--·-· ·- --- --- -----~----- ---------~--------- -------- .. -.------~-----------'·· .. --· ,. - --
----
-----------· ---- ----·------ - a--=..__-~--"'-'···'~· ..... -
arid/,"also that the total scattering -coefficient (K) can be expressed 
. 
. by· van· de Hulst' s,, anomalol)s_._ dif.~raction · equation(21). Shifrin' S·,main .. ·,·· 
. 
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"1'1 I,. • 
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• • 
:eontribution is that the particle ~ize distribution•dan only be de-
~-----·-···-
-------
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. ' 
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.· termined in the Mie regi111e by using.- light transm-ission. Hts error 
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:crite:t::ia _shows this by·comparison· of the Rayleigh an~· Mie·regio~s. 
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.Gledhill studied silver bromide particles but. su.spended. in:water. . He 
-qsed. approxi~ate Mie formulations but. did combine them:with a·log-
·norma.1. distribution, and obtained good agreement -with ·electron ·micro-
. scope data •. The culmina.tion. of experimental verification<,o_f Mie tpe ... 
ory: is a. recent dissertation by R. T •. Jaco];>sen(22). Jacobsen ·deter-
----------------.•-·-·-····---- - ······------·-···-····--·--···- - - -···-- --
··-·· . -- . 
. ··.mined the angular scattering intensity_ .. of vanadium· pentoxid·e aerosols 
• 0 
and calculated the particle size dis.tribution: from. the data. The re• 
sulting size dis''t:ributiens were in gaod agreement-with· those· made with 
.an· electron microscope. This work. is important.· beea~se · vanadium 
.pentoxide has all the undesirable properties one -can imagine in a 
, 
·material for such a. study. Its refractive. index is high and has a 
· complex component, there are three ·different· refractive indices, the 
particles are not spherical, and the samples studied showed as much 
. polydtspersity as is found in commercially available pigments. The 
• 
recent article published by the author and C. E. Barnett(23). studied 
the particle size and particle size distributions of rutile. pigm.en~s 
suspended in·an organic-medium. This .reference.shewed excellent 
agreement~-with-;·1;-~tron. micro;cop$~d:ianieters-~2) an~ geometr1:c··-·----~--- ·-
. standard deviations ( ag) and also with BET. surface area measurements 
when a zero. order· log-norma.1 distribution fu.nction. was assumed for 
~ . . 
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1'he work . to be · reporcea.· in~-the.s-i.s---uses --t-he teeh~i-que~----~~-___,..,..--.1 
given ·in reference 23 in·. determination. of' particle·. size and size -dis-
. 
tributions ·of· rutile and-anatase ·pigments,. two of the· three· pol:ymorphs 
I 
of ·titanium d_ioxide, · su.spended, in·water •. · These parameters were 
a 
••. \ J,, 
• 
,,. 
.. ..__ 
. \. 
• - ··, ••• .J.-~ 
.. · 
-· 
. ·,, .. ,:, .. , ....... 
.,, " 
. ·" 
.., 
., ..... ·,.:· .. ; \'.)'. ·.:"' ··, 
.-· .. 
.... :·.· . .,, .\. ·-·· . 
. .. 
·-· .. - ~-- ~;- .. ~->-,.- -\·. . ...... '-· 
. :-:.; . 
'.-:;, __ .,;·_~. -
L ·~ • -: ""·· ···~--- . 
- . . . 
·-·----· . •·· . ----·-· -- . 
- .-- ------·· ,. ·-··-----. -----·-
-- - --- ___________ _. __ _:_ __ :__:______::,_:___ __ :_,_____ . .--:"::" ·.'.::_,,_. - --
- --· .. ·----·--- .. ~,f[~_: ...... ~-·-·',- -... --. - ·:-
- -- -- ~_ .. ___ _ 
.. determined as ·a fu1;1ction:· of hydrogen ion· concentration (pH). The 
par.tic le sizes of alumina and silica su,spended in. water are· also 
-------~--
,f ' 
: determined as a function of pH. Attempts were made to find the par- . 
ti-cle. size distribution of the alumina and s·ilica suspensions over 
the same wav~length range as was ·aone in the· case of titani~·:diexide, 
but alumina and silica when sqspended in water fall well below the 
diameter at maximum scattering placing.· these suspe~sions in ··the over-
· lap of the Rayleigh-Mie region, while tita~ium-dioxide·diameters sus-
~ 
pended in water straddle this maximum. This is in accordance.with 
Shifrin's result> and ·also- pointed by Kerker(5). 
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The discussion here will be limited to two methods based on 
transmis·sion measurements in. which Mie th,eory can be used to convert 
turbidimetric measurements to particle size and size distribution · 
parameters. Other techniques using transmission measurements as well 
...._~·----··-·------~=~··-~-·~ .• . .. ·_.,,,,.,.. ....... ~...---. . ' ·-· -,_,, ..... ' .,, . . .... , .. -- - ., - ' ... -- .-·--. . . . ' ' . --- - .. - , ... ,- ......... ··.·-,-4, ...•. -~ .. ---··-----~----···--,--~~- ... - ....._ • .__ ---_.......__~ - ~~---~-----~---- .. , 
' ,, 
asmeasurements involving the"' intensity.of the scattering·0light as a 
function of scattering angle are presented. by Kerker(S) and S. H. 
Maron(16). 
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At this· point a brief examination of the Mie scattering the-
ory' for non-absorbing, isotropic spheres for zero an&l·e of scattering 
(transmission) is in order. Thi,s· is best accomplished in a graphical 
manner rather than a long and exhaustive analysis of the scattering 
equations. 
Figures 1, 2 and 3 show plots of the Mie scattering ·coef-
ficient (K) vs. the size para'Ql,eter (a) for silica, alumina, anatase, 
• 
and rutile materials for relative refractive index (m) values of these 
pigments suspended in a medium of water. Them values are approxi-
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. p'roportional to the particle diameter there exists one diameter for a 
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given m value which,will result in maximum scatteri_ng for that s·ystem, 
,· 1. 
·.'.\":', this diameter will decrease as m is increased. (3) Again by definition 
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. a i_s. inve~sel-y -pro_portiona 1 _to the wavelength -in · the medium, there-
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fore, as m is increased maxi~~~--:·~-~-~-!;-~-~-~-!"J:J.g_.will ___ Q~cur ___ at longer and --........,.--"-------------------------------------------------------------·-------- -· .. - . ----
longer wavelengths for a·given particle diameter. (4) The Qscilla~ 
__ ·--~-~--- _____ ---~- · · 1: __ iQ1J.S in_ the ___ sea t __ ter ..ing_:,_coeff i:.ci.ent .w.il 1 become mor--e- and --more-- pro---: _____ _ 
'' '''''II''"'""''•"'''",:. 
. 
. nounced as mis increased. This is due to the multipole contribu-
! 
' . tions to the scattered electromagnetic radiation as a result of the -- i 
- --··-· --··-•·•·'"·'"'"-~·'"--'-·~·•v~~ .. , ....... ~._ .. ,• .. u.,.--·-- ~- .,, ' . . . --- ------,--,------- ------·' 
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light rays · being more- deviated as they pass through· the material. 
(5) As a becomes very large (>100) the sca~tering coefficient.ap-
. 
proaches 2. 00. (6) Examination of Figure 1 compared to Figures 2 and 
3--clearly indicates a larger increase in scattering will occur when 
\ the m.,value is low and slightly. increased as when m is larger and is 
increased by this same amount. 
Applications of Mie Theory 
1. Theoreti_cal Rate of Change of Scattering.with Wavelength I 
for a Monocdlispe19se Mate·rial · 
The first method to be applie4 in particle size determina-
tion involves the calculation of ,the logarithmic slope of the scatter-
ing coefficient vs. the wavelength of light in a vacuo at constant 
;. 
• 
.. particle di_ameter. This technique is valid only when one is on the 
. ....... ·-- - - --
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unperturbed si:ti'e, · below the first maximum in Figures 1, 2 and 3. 
Heller(24) has· presented an analytic ~elationship for 'this slope for 
-_ -----~ -----~---~-·--'--:_------_-_ ----- :p_a.r_tic.les. ____ falling ____ in ___ the .... Rayleigh-regi-on-,:. however--,--~f.a-r---t-he- -work---in·-· 
- .... 
· vo.Lved in. this-----proje~t---t-he--pa-r-t-i-e-l-e-d--iamet-e-rs-o-f--a lumina and ·-s-1-i--tc~ac---------L 
~ • 
~-····i·. fall into the Rayleigh-Mie regime but still on the unperturbed side, 
-- ~ ..... , 
below the first maximum in Figure 1~ It was, therefore, nec,ssary. to 
.. -··· .. 
. compute the logarithmic slope numerically, first, calculating-the Mie a • 
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. coefficient for a given diameter at the required wavelengths where 
---------- - - - ---------- ------ -- ---
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-!!'.:-·.------,:_; __ -.. 
the transm~ssion·experiments were run and second, using a~~ __ l t_i~p_l_e~~~c-"-'-'-~~--
linear regression computer program to make the necessary fit to an 
, .. ' 
· ..• --·-- -< 
-· ----
. ·equation ~f the type: \ 
ln K/D = B ln Ao + c Equation·l 
. where. Ao ·= Wavelength in a vacuo in microns · · 
:,,__ __ ~___..,......~--~~----·---- ____ .... J~-~-----=·---·-»ie .. seat t~-~.!.!18. -~~~-~!!.£.!ep. ~----·-· 
D = Particle diameter (microns) 
B =. Logarithmic slape------ .-----~----~---------
.. In·- Equation 1, K/D is used because it will be shown later 
that this is the term one actually·measures by experiment. Table I 
~lists the.refractive index data and theoretical logarithmic slope 
~ '>:' 
values as determined from Mie theory ·for silica and alumina in water 
sqspensions. Figures 4 and 5 show how these logarithmic slopes vary 
with particle diameter for these two cases. 
2. Mie Coefficients for a Polydispersion 
' ' The second method using Mie theory·in particle size work in.-~ .... : 
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•. 
'1 volves the determination of the particle size.and particle size dis-
tribution o·f a scattering media. This technique is valid when one is 
working in ''the region. where . the sea ttering coef £:icient . goes through 
. ! 
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-~- --- ---··-- --·--·------· ----~-~--~----·-------------------- --- ··-··--· .. ._ _______ . __ ---· ----·--- -·-···- --
· the maximum and oq ·either side of it. Figures 2 and 3 for anatase. 
and rutile show this case for a values between 1.0 and 3.0. To apply-
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· -sc4ttering coeff-icie:g.t. Van de Hulst(21) hc\s given a se,ries of rela..; 
~-tionships showing bow the mean scattering coefficient and effective 
particle-diameter are defined when the-particles are· polydispersed. 
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Table I 
l 
: Refractive Index Data and Theoretical Logarithmic silopbs 
0.415 
1.469 
1. 781: 
1.341 
~ 
! for Silica and Alumina Water Suspensions ', 
0.45 0.50 
1.465 1.462 
1.776 1.770 
1.339 1.336 
.. 
.. Dilameter (µ), 
0.02 
0.06 
0.10 
0.14 
0.18 
0,. 22 
o·.26 
0.30 
0.34 
0.38 
0.42 
0.46 
0.50 
Q.60 
~.66 
0.70 
0~76 
0.8·0 
/+. 
0.55 0.60 ·o. 66 0.70 0.76 
1.459 · 1. 456 
1.766 1.763 
. 1. 334 1.332 
Silica Slope 
-4.124 
-4.018 
-3.798 
-3.461 . y-1~ 
-3.079 
-2.790 
-2.656 
-2.604 
-2.568 
-2. 5·31 
-2.481 
-2.419 
-2.357 
-2.249 
-2.206 
-2.179 
-2.137 
-2.110 
1.454 1.453 1. 452 I 
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K is plotted vs. the size parameter(21). 
For the work on rutile and anatase, titanium dioxide pig-
·ments, the log-normal curv·e was chosen since the data supplied from 
the manu·facturer u~ing. electron microscope counts show this distribu-
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·- ... ,.---
t ion function closely fits these data points. 
The log-normal equation for the frequency distribution of 
particle diameter, D, is given by (25)(26). 
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where p and q are the moment values. For example, 
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'one ~-(iseful but. seldom ·.encountered equa~ion is the one . de-
. sc-ribing the particle. size----dm _ (modal diameter) about which_, will be 
clustered those particles with· the -greatest frequency of· occurrenc.e, 
or more precisely, for_ which the £unction described. by Equation· 3 is· 
;, f 
• a maximum. Differe_ntiating ·Equ~tion· 3 and _setting_ the firs.t deri.va-
tive-equal to.· zero one finds \ 
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_It is inter_es_tingc_t_0_note tha_t __ .when ag = .,1. 00 (monodisperse 
Refer.ence 5 shows frequency_ curves for ·va·rious values __ o_f_ the __ 
standard deviation and modal diameters fo·r a log-normal distribution 
. 
as used in this work. Als·o, "the same reference shows some cumulative 
percent plots ys. particle diameter for these same distribution pa-· 
rameters. These cumulative plots are much-simpler to interpret than 
the frequency curves in that a straight line will result -when the 
~ ' 
p~ints are plotted on log-normal probability ·paper. The. slope of 
this line is exactly·equal to the geometric standard dev1t-ation (ag), 
and the number median diameter (D50) is tha~J diameter where 50%. _of 
the particles litt··above and 50% lie below this value. Once these 
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···-,.-····-·--~--··· ·-· --· 
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two parameters are known it ~~s very -simple to use Equations 3, 4 and 
5 to determine the other properties of the distribution. 
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tem in the general case is ~efined as (21) 
-~ff-= Total Volume 
Total Area 
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Equation 6 
For the· log-normal frequency d~stribution · this turns out ~o -be. d32 
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r . 
., 
I 
. .. , .. ' 
ht'~~~~~~~.,~~~--~ 
';." ,.·, 
. ,.,,.. ~ ........ 
.'' 
------ ·--···· --·------ ............ -·-···-"··-·--·---- - ...•.. _: ..... ---·· __ .......... - .. ' 
.: , '/ 
I. . . 
,. . . 
.·J.·1'\.. 
•, . \ 
- . _.--~--. 
:--f· '·_.~./~-----.::;· ._...-.... 
-~ 
- ' 
--•- -- --- -
.... 
---------- ·-·-·=· = ___ ,;:::;;s_:=:_= __ =.:' ..==i===··"!"""'····--..±.:::!·-=-· ================ .. ====:;;#=:..\= __ =±=====.==:::::;:.,·- - ----= ===========:;=;_·.2u--·-· .~~. ·-"----:-
- .- -w, I ..... , __ ' "; ••••, • ·-·- ••• • • • . • •• • •••· ·---·· ~~,- •• - -- ---·• ----•• .-·••" ••• .•_
_.-.,.- •-" - •- -· ••--• •••• ._, _________ ..... ,···----·-..----
-- -••• - - • - - ••·• • • ---- • -- ••• '• - • 1 • -- _.:. ••---=-- ' .. • ' •,. ,-.-·• , ... ~ ·•-·• .-.-' •• ",' .. ,, ,_· 
,· ~ ••... .,. ;.J. 
" 
Shape Factor 
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' ' 
Many investigators·· have used shape factors in· their work ·an ·· 
. pi,gments to explain why their. results deviate from the expected values. 
As a consequence, many def i.n~tions of· shape factors al"e · found i.n the 
g 
literature. Barcucci et a1(27) along with other investigators have 
defined a shape factor as the ratio of length to width a-s measured 
[' 
. . ---- .fr.om mi.cr-0Lg-r-aph.s..--'-~&r-r-o-t--and .. --Ki-nney(28}-- def-i. .. ned-as. ___ their __ sbape f a_c ------~---~---,-
. ,· 
tor the ratio of the directly measured surface area to. the surface · 
area as determined. from photographic particle diameter measurements. 
Irani(26) defined as a shap• factor the concept of spher~city: the 
ratio of the externa_l __ s_urface area __ of a sphe.r~to. t_he. $1.1rfa.ce area of 
any:par.ticle of equivalent volume. 
It may be helpful. to think about what is actually done in 
some of the frequently used methods of determining particle size char.-
" 
acteristics. The BET method measures ~heir total external surface 
with no dependence on the shape of the particles. Results do depend 
on the area taken forr the nitrogen molecule. The generally accepted 
-
value is that calculated from the density of nitrogen in the liquid 
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state(29) of 1~. 72 A •. However, as early as 1942 Enunett(30) cautioned · 
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that there was no way of knowing in advance. whether the liq-uid ~r the 
.. , ., ...... ·-02 
··solid area of 13.8 A is the true value. The generally accepted value 
~l 
. microscopy and gas adsorption. But, there is much discordant 4ii:fa(3IJ --~ '---~--··~-·-
....... . 
(32) (33) (34) (35), much of it in 'reference to ·silica, carbon black-, . 
·and titanium dioxide pigments. . . 
Comparison of EM and BET ·measurements on non-sphericai· J • 
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·particles can never resolve the issue because there-is inevitably_ a 
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doubt whether the difference· is due· to, the value for the surface area 
of. the nitrogen molecule or to parti'cle shape. ·In cotllllo11· practice 
when one calculates an average particle . size from directly -measured 
surface area, spherical particles are assumed, and the value ob~.a_ined 
-~--~" is. the diameter of a· sphere which· would .. ,have the specific area meas-· 
----------- -----~---~----·-------------- -~- - ' -- --- - - ~ -~----- -------~-~~- -- ~- -=-...-=.=-a=.=,,-----
ured. 
In the· microscopic measurement of projected particle images, 
. one may measure the dimension of particles in one directioi-1 ·when they 
are positioned at random on a screen or pµotographic plate (Martin's 
diameter). A. b'tter method is to attempt to match a circle of light·. 
. to the same p:1:ojected area as that judged for the particle. There 
are other methods but all start by assuming a spherical particle and 
from that point the calculations assume that one is dealing with 
spheres. It. is possible to measur~ particle dimensions in two di-
rections and arrive at an average particle length and width and an 
average ratio of length to width •. This is seldom done. 
Measurement of particle diameter from light scattering c.har- ....... . 
-- ·-;··-·-'''--··-·--·· L -·,.., .. 7 .. ----------a-eteris-tfcs--starts with·· fundamental expressions-·· which have been de-
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· rived on·the basis of spherical particles. Secondly, the practice 
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ag~in assUlll~S that the particles are spheres. 
Green(36) has given the most serious thought to the problem 
...... f"'''' ' and the relationships which follow are mainly ·from his analysis. 
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-where k1, uk2 are .cons.tants proportional to the surface area and volume 
t, 
I 
particle diameter to-the surface area and it holds for any particle: 
shape. In reality 4··N(D) 0 D3 is the true mean specific surfac~ dim-en: ·:· 
-~~~~~-~-. -~ ----------- __ --· ___ _ _ _ _ _ E N(D) eD2 . _ _ ________ ----------~ ___ ·_· _____ - __ ----~-----· 
sion dT and Equation 7 becomes 
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ST= pd Equation 8 P T .. 
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The- constants k1 and k2 appearing. in E·quation 8 take on vc1:rious" values 
. 
--- depending on the geometry of the particlese 
.. ',·- -- -
~- -..... 
1f 
1r/6 
Cubes 
6 
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.. _.· .. 
When the particles have no geometric symmetry, ki and k 2 cannot be de-
·termined. 
' . '~-
Substituting into Equation.·7 the conditi·ons for spherical 
syunnetry, we have the familiar relations'iiip between surface area arid --"--
the spherical diameter, d32• 
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-The usual practice in det~nnlning the particl~ diameter 
from the nitrogen adsorption method is to take the true.specific sur-
. . 
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face area ST ~nd substit\lte into Equation 9. 
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-since· it. is a -diameter that. conveniently -has, measured the ratio .k1/1:t2 
.. 
relative, to the· parameter· 6 (the number ·6· comes ·from·- 'the spherical 
c4se). By ·equating· Equation· 8 ·with ~quatio,n .. 10,. we :find 
.· ijqua.tion 1. ~1 
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and for ~ct~a1-_~~!?~eri_~~-~~- P~E!_~~-~~~-----~3_2__=_ :c!s = d~--
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Direct determinati'on·of k1 and k2 Js practically impC?ssible 
beca~se some geometrical shape--must- be ~ss-umed a.nd in deing -this ane 
II 
., places limi~s on an.etherwise unlimited system. 
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J •• Turbidity·Relation.ships 
·' To ·determine the amaunt · of scattered. light framitraI;1.sm~s·sian 
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and fr.am Mie · theory.- far a palydi·spersed particulate. syst~. 
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. t = K k 1 dT ·np Equa·tion -13 
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_where.· k1. is a constant proportional to. the area. 
If. c· is the concentration in· gm/c&J.3-"''of the scattering particles, then 
-- - - - -- --- _____ ..____ ___________________ . ___ ___;_;; 
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c·- 2pp ·ct; _ Equation: 1? 
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·:·fer a particulate system ass~ming spherical particle.fl ~hat -are log-
~· .· . 
· n0rma·11y.,:·distribu.ted and from . the· definition of :Qeff in a .. light , ':' - I ~,"f - 'I .. , 
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· scatter~ng system: d8 = :d32. and we· then have 
. . . 
-
er 3 K 
t .. -
-·-
c 2pp d32 Equationl6 
K/d32 is the-mean.specific scattering coefficient per unit 
.length and it measures the amount of light scattered from the surface 
.•.. . : ..... · 
of all the parti~les. - 'SI In·essence K/d32 ~ivided by the density of the 
__ . ....c..----"--- --Pigmen.t .. --(PP)-- .is.-... the--..same--pa:rameter-~---as- ··· the-- --mean----speeif-ie---s-u-r-f-a-ee---f-rom 
nitrogen adsorption provided the particles are non-porous • 
...... 
. (It. Construction of the Standard Scattering G.rid 
To determine the pigment pa.rticle size distribut·ion from--~---.. --------·---~-
. measurements o~ the scattered light, it. is necessary to theoretically v 
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have K/d32 at various·wavelengths as a function of _ag and d32. 
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By use of Equati~n.2, the theoretical _scattering 
... ---- .. ....:..... ______ , ____ --··--- ·'~ 
is deter- . lo 
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n lo mined at wavelengths corresponding to the values in actual experiment ~ 
by systematically varying crg and d32 • • ,<- The summation is computed using 
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numerical integration from n·i = Oe02 micron to ·'n 00, such that D00 is 
la~ge enough to include 99.99-9% of the particles. This is accomplished··· 
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by using the relationship from Irani(26). 
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wavelength in vacuo -using a standard mul~iple liriear regression com-
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,, . 
.. ' 
. , 
--y .. -,~- ' 
. ,"·'·;·"!"'"'""'"';.,l 
·\ 
.. •·-.--·--, . 
., ~- "., --
... ~ 
( 
• 'f,,i 
' 
I 
: ; 
'' 
' •. f 
] I 
II. 
II; 
II:·, 
. ' 
. . . .,;, ;, ..... 
-
. , . 
·---------·-'.:::·------.-- ____ -: •. - -~-·.....,.. .... '-"" .... ____ .. • --------~~. ~-------- l ---- ·-~---·-------.---~--..----....-..--e-,-,---,...,_ --·----...... ~--------,-------~-----=----~- -
~quation 19: i.~-.-for constant ag and ~32 
.,....rP 
spherical particles ·meeting the Mie ··requirements. 
and·pertains .to 
Tables I and II 
, list the· coefficients A, B, and C -from Equati·on: 19 as a function of 
.. 
ag -and d32 for the special cases of anatase and rutile pigments in 
water suspensions.· At·the top of these tables the refractive index 
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data as a function of. the wavelength of light in a vacuo are given • 
~·Figures 6 and 7 show the plot of the coeffi.cient A vs. the :.coeffi-
' " . 
-cient ·B from the data given_ in Tables I and. II. . ) 
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In·reference 23 it was demonstrated that all,one needs to 
know in determination of particle size and size distribution are the 
··- -~.·:·----;.·,-- -· --;-~· s-·- .. ---- - ----,-_-- .. -
two coe.fficients that describe. the rate of ·change of scattering wi.th ... ---.·-------------·--...... ______  
.wavelength. That is, the absolute magnit~de of the scattering need 
not. be known; consequently, the· concentration does not have to be · 
known, except that the samples have to be I dilute enough in order to 
.satisfy the Mie requirements for no mutual interactions among the 
scattering particles • 
Previo~~ly, the nature of the scattering mecharitm.s was 
-'7 --~- - - - - .Q-'---· 
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Table II 1 
Theore't.ical Scattering Parameters for Anatase .in Watelr 
I I ' 
. wavelengfhs (µ) 
Pi~ent i *e~. ,J_; n_ d. ·, 
Veh1cl,e IR.etf. ®ttnd. 
0.415 
, 2. 764 
. 1\. 341 
. !. ; l i (Re lat iv~: R~f. i Ind. 2~~1 
1 i I ! 
I I 1 i I 
I . I • 
iC9eff ic4.ents A 
ag/d32 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.20 
. 2.40· 
i I I 
: ; I ; I I 
0.,360' 
-2.0317 
-1.6397 
-1.3504 
-1.1333 
-0.9675 
-0.8376 
-0.7349 
-0.5850 
-0.4846 
CoefficientJs B\ 
a g/d32. 
1.40· 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00, 
2. 20 II 
2.40 
I I I 
I '. 
o. 1:340J • o. 360 
-2.~671i -2.1773 : I ' 
-2. 115112 -1. 91240 I I ;1 
-1. 920:5. -1. 7392 
-1.~49~ -1.6002 
. -l.6193 -1~4936 l I :o 
-1.,517~ -1.4087 
-1.4374 · -1.3414 
' I I 
~1.3209 -1.2429 
1
-4 i. 2450 -1. 1786 ' . 
i 
I I 
i 
I 
I 
I 
0.450 
2.695 
1.339 
2.013 
0.3·80 
-1.8862 
-1.5439 
-1.2858 
-1.0883 
-0~9352 
-.0.8138 
-0.7166 
-0.5733 
:..o.4754 
0.380 
-1.8839 
-1.6995 
-1.5622 
-1.4563 
-1. J73La, 
-1.3063 
-1.2519 
-1.1712 
-1.1171 
0.500 
2.620 
1.336 
1.961 
0.550 
2.564 
1.334 
1.923 
0.600 
2.522 
1.332 
1.893 
0.400 
-1.7160 
-1.4344 
-1.2132 
-l.0383 
-0.8994 
-0.7882 
-0.6981 
-0.5624 
-0.4672 
0.400 
-1.5901 
-1,.4790 
-1.3907 
-1.3181 
-1.2584 
-1.2091 
-1.1683 
0.420 
-1.5270 
-1.3143 
-1.1340 
-0.9848 
--0.8618 
-.0. 7614 
-0.6787 
-0.5518 
-0.4608 
0.420 
-1.2997 
-1.2641 
-1.2249 
-1.1861 
-1.1495 
-1.1174 
-1.0892 
o. 660 · 
2.484 
1.331 
1.866 
0.440 
-1.3255 
-1.1862 
-1.0502 
-0.9280 
-0.8227 
-0.7336 
-0.6583 
-0.5403 
-0.4542 
0.440 
-1.0166 
-1.0560 
-1.0658 
-1.0596 
-1.0462 
-1.0305 
-1. Ol.43 
~: 
-1.1047-. 
-1.0603 
-1-0432. 
-1.0092 
·.-0.·9846 
-0.9612 
· .. 
0.700 
2.463 
l.330 
~ 
1.852 
0.-460 
-1.1176 
-1.0539 
-0.9637 
-0. 8'695 
-0.7822 
-0.7046 
, -0.6370 
-0.5283 
-0.4469 
, .f 
0.460 
·-0.7447 
-0.8570 
-0.9141 
-0.9394 
-0.94~1 
-0.9478 
-0 .• :9~~1 
-0.9291 
-0.9152 
o. 760 . 
2.438 
i l.32~ 
1.835 
0.800 
2.425 
1.329 
1.825 
0.860 
2.408 
1.328 
1.813 \ 
! 
I 
! 
0~480 
-0~9090 
-0~9200 
-OL8754 
-ois100 
-Ol7406 
-016747 
, ! 
~-OJ 6150 
-OJ5157 
. ! ' 'IP 
-OJ4397 
I 
I 
I 
I 
! 
i 
I 
! ' O.l460 
! ! 
-0. 14873 
-0. 6·6,81 
-0.17·6,98 
-0.~255 
-o.~.548 
~o.a693 
--0.8753 
-0.~1-sa 
-0.$718 
0.500 
-0.7046 
-0.7871 
-0.7871 
-0.7498 
-0.6984 
-0.6442 
-0.5924 
-0.5022 
-0.4319 
0.500 
-0.2474 
-0.4907 
-0.6338 
-0.7175 
-0.7662 
-0.7944 
..:.Q.8107 
-0.8249 
-0.8302 
0.940 
2.390 
1.327 
1.801 
0.550 
-0.2388 
-0.4719 
-0.5725 
-o··.6006 
-0.5919 
~0.5660. 
-0.5335 
-0.4664 
-0.4080 
0.550 
-0. 2623 
-0.1021 
-0.3304 
-0.4734 
-0.-5641 
-0.622.7 ~ 
-0._,6'615. ··: 
-0.1065 
-0.7309 
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I 
,I 
I 
'I 
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' i • 
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I I 
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I 
Pv·. 
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0 
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Coe£ ficients ~. 
o.;:340 . 
\ ':l ' 1.16804[ I I 1.166,0l ~ 
- . I • 
1.i630B 
, I , 
l.-\59S,7. 
1. 1ps9\5 
1. 523\l 
1.486:9 
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Table II (Contd.) 
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I Theoretical Scattering Parameter,s f~,r Anatase in Watet 
0.360 
1. 7470 · 
1.7105 
1.6686 
1.6255 
1.5827 
1.5414 
1.5013 
o.1480 
1.\9449 
I 1.i8422 
1.\7560 
1.16820 
I 1.\6171 
crg/d32 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2~00 
2.20 1~4168 
l.349~ 
· ,1 4252 i • : ! 
0.380 
1.8023 
1.7511 
1.6988 
1.6480 
1.5997 
1.5540 
1.5106 
1.4298 
1.3556 
0.400 
1. 847'6 
1.7831 
1.7216 
1.6644 
1.6114 
1.5620 
1.5157 
1.4311 
1.3545 
0.420 
1.8839 
1.8075 
1.7380 
1.6753 
1.6183 
1.5659 
1.5173 
1.4294 
1.3507 
0.440 
1.9119 
1.8251 
1.7489 
1.6815 
1.6212 
1.5664 
1.5160 
1.4255 
1.3450 
0.460 
1.9321 
1.8364 
1.7546 
1.6836 
1.6206 
1. 56'39 
1.5122 
1.4197 
1.3380 
1.~590 
1.5062 
1.~123. · 2.40 
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1 • .3295 
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1.7533 
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1·. 6110 
1.ss·19 
1.4984 
1.4036 
1.3201 
. p 
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1.8247 
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Tab:Ue III 
Theoretical Scattering Parameter~ for Rutile in Water I 
Wavelengths (µD 
Piglllent Ref!. ind. i 
Vel!,f c :e 1'1,ef 1• IP,d •rl 
Relative ._Ref. [nd~ 
0.415 0.450 0.500 0.550 0.600 0.660 0.7;00. 0.760 0.8·00 0.860 0.940 3.040 2.962 2.877 2.814 2.766 2.723 2.700 2.672 2.657 2.637 2.618 1.341 1.339 1.336 1.334 1.332 1.331 1.330 1.329 1.329 1.328 1.327 
i 
Coe£ ficients A . 
crg/d32 
1 .• 40 
1.50 
: 1.60 
1,-70 
1.80 
1.90 
2.00 
2'.1f-20 
2.40 
0.340,\ 
~l.6850 
-1~4185 
-1.io24 
-1.0293 
-:0.8903 
-0.779@ I . 
· -0.6888 
i 
-0.~536 
-0.4582 
. Coe£ ficients B ·: 
crg/d32 
1.40 
1.50 
1.60' 
1.70 
1.80 
1.90 
2 00 
•. I 
2.20 
2.40 
0.340 : 
I • 
.-1. !'1633 . 
I l 
-1. 4ll76~ 
-1.31961i 
-1. 31267\ 
I ~ i 
-1.2663! 
-1 1• 2!156! 
': i 
-1.17271 
-1.1063: 
-1.0582 
I 
2.267 2.212 2.154 2.110 2.077 2.046 ·2.030 2.010 1.99·9 1.986 1.972 
0.360 
-1.4337 
-1.2595 
-1.0987 
-0.9588 
-0.8417 
-0.7445 
-0.6636 
--0.5393 
-0.4505 
0.360 
-1.1901 
-1.2032 
-
11.1890 
-1.1622 
-1.1327 I 
-1.1036 
-1.0767 
· -1.0316 
-0.9980 
0.380 
-1.1731 
-1.0944 
-0.9907 
-0.8864 
-0.7916 
-0.7083 
-0.6370 
-0.5240 
-0.4405 
0.380 
~0.8365 
-0. 9451' 
-0.9930 
-1.0082 
-1.0075 
-0.9984 
-0.9866 
-0.9616 
-0.9398 
0.400. 
-0.9132 
-0.9280 
-0.8815 
-0.8128 
-0.7399 
-0. 671.5 
. ~o .. 6098 
-0.5079 
-0.4311 
. 0.400 
-0.5084 
-0.7044 
-0.8099 
-0.8641 
-0.8896 
-0.9001 
-0.9020 
-0.8951 
-0.8857 
· 0.420 
-0."6618 
-0.7645 
·-0. 7729 
-0.7388 
-0.6880 
-0.6338 
-0.5818 
-0.4917 
-0.4210 
0.420 
-0.2096 
-0.4826 
-0.6400 
. -0.7296 
-0.7796 
-0.8073 
-0.8220 
-0.8331 
-0~·8345 
0.440 
-0.4264 
-0.6071 
-0.6670 
-0.6654 
-0.6360 
-0.5958 
-0.5530 
-0.4735 
-0.4095 
0.440 
·o.os63 
-0.2808 
.;.Q.4836 
-0.6042 
-0. 6.764 
-0.7201 
-0.7466 
-0.7728 
-0.7852 
0.460 
-0.2117 
·-0.4589 
-Oe5645 
-0.5936 
-0.5844 
-0.5575 
-0.5242 
-0.4563 
-0.3972 
0.460 
0.2877 
-0.0999 
-0.3401 
. -0.-4882 
-0.5802 
. ·, 
-o. 638'1 
-0.6754 
-0.7170 
-0.7377 
0.480 
-0.~210 
-0.3219 
-0.4671 
-0.5240 
-o. S336· 
I 
-0.5201 
-o.4959 
-o.4389 
I 
-O.l858 
~ o. ltl8o 
i 
o.~841 
o·.0601 
-0. 2\101 
-0. 3!812 
I 
-0.4~03 
-o. 5'.615 
-o.6b89 
-0.6642 
-0.6936 
0.500 
·0.1438 
-0.1971 
-0.3756 
-0.4570 
-0.4843 
-0.4831 
-0.4679 
-0.4219 
-0.3748 
0.500 
0.6459 
0.1996 
-0.0929· 
-0.2828 
-0.4071 
-0.4899 
-0.5467 
-0.6148 
-0.6526. 
0.550 
0.441.l 
o •. 0569: 
-0.1756 : 
-0. 3045 .· 
-0.3691 
-0.3961 
-0.4013 I 
-0.381V : 
-0.3490 : 
0.550 
0.9108 
0.463~ 
0.1464 
. I 
~-o 013s • I 
-0.2255 
I 
-0.3322 
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Table III (Contd.) 
Theoretical Scattering .Parameters for Rutile in Water· 
,Coefficien~s C 
I 
,; ag/d32 I O.i340 0.360 - 0.380 0.400 0.420 0.440 0.460 ,_ 0. 1480 0~500 .0 • .550 
2 .!1218 
I 
.1.40 2 •. 02616 2.0765 2.1124 2.1355 2.1470 2.1479 2.1392 2.0967 2.00.73 
'· 1.~52il ' I 1,50 1.9864 2.0098 2.0235 2.0286 2.0261 2.0169 2.0018 1-. 9814 _ 1.9122 '1 . : 
1.82(8, -1.60 -1.88~8. 1.9086 1.9237 1.9312 1.9321 1.9272 1.9175 1.19034 1.8856 i. ~24J.1 I I 1.70 l.8407~ 1 • .-8499 1.8531 1.8512 1.8448 1.8345 1 •. 8210 1.8046 : 1.7·535 1.80 ·1.176910 1 . 7801 1.7853 1.7856 _ 1. 7816 1.7741 1.7634 1.7502 1.7346 · 1. 6877 
,-_ ; 1.9.0' 
. 1. i11ai2 1.7255 · 1. 7277 1.7257 1.7203 1.7119 1.7010 1 •. 6878 1.6.728 i.62~5 
: , I \ • 
I , 
' 2.00 1. '6711 1~6754 1.6753 1.6717 1.6652 1.-6562 1.6450 .l.6319 1.6172 1.5747 ~ 1. !585\5 1~5195 1.4794 
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The type of curves appearing · in Figures_ 6 and 7 h~ve been 
. ' . . . 
·studied in some detail not _only_ -~or lower ·values of t1g and d32 but 
. also for other systems of relative refractive ind·ex values. For ex-
ample rutile, anatase, and zinc oxide in a medium of air and an alkyd 
resin. These mediums have a refractive index of 1.00 and 1.50 result-
-.. . ... 
. . [ 
ing in relative refractive index values ranging from 2.10 for rutile 
·. ..·. 
,.. . 
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. studies one observation that was made is that with increasing m the 
complex of curves moves up and to __ the right, and down and to the left 
r 
with decreasing m. In other words, for lojter m values both the coef-
ficients A and B in Equation 19 become more negative for a given ag 
and d32 • Also when m is increased, the _range of a g and d32 is de-
creased causing overlapping ·of the curves at the low and high values 
·------r ·-_~~~~---~:---of d32 and 9"g. The range is' increased when m is decreased but only on 
the higher ·values_ of d32 , tl;le ~ow d32 values still overlap considerably. 
' .·•. .... .., - ),. 
- - -• -·-··-·- .-- -~ - - .- -
Differentiating Equa~!on 19 to find the wavele.ngth at which 
maximum·_scattering occurs one finds 
AO (max) = E?CP [ - k ] .. Equation 20 
· The lighter shaded lines on Figures 6 and 7 show the case 
for A0 _. (max) = 0."56 micron, (green: light)., The table below shows a 
sample calculaticin for. the -case· of anatase i·n water of the manner-···tn.---·· ::-~~---~-~ . 
. .I • i> 
-which ag and d32 are related iri order that maximum scattering siiou·ld 
.-.,.,.___._,- ,-=.-·~.-···--~·-"·,···-··, , • .... , .... i. -
,.c.~·. . . .,·- ..... ,·.. ·~· ··-• '-·-,-•·•~• ···· ___ ,,, . .,, - ·•-------,~- '---·-.
6 '". · • •• • -- -----~-,-- ~--·-· ,•·-,--~ ,-- ' ~- .. --~-~~-. ----~--=~t!-,......,..-,.-
', 
\' .. _.[ 
. . ~ 
occur at_ A0 = O. 56 micron·.----The-amount--·o-f-··sc~_tter-ing (the magnitude-----
.. 
of K/d32) will be determined by·. both o:& and d32 by 1.1s~ of Equation 19. ·. 
From Equation 20, all that is .necessary is that ·the i'at~/A be equal 
to -2 -1~ A0 (max). 
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Table IV 
. Theoretical Calculation of An (Max) as a Function 
. of Diameter, d32.,2_·_a_n __ d"""""""G_e_om~e_t_r_i_c_S_t=-a_n_d_a_r_d.=-=D==e_v=i ..... a_t_i_o_n ... , ...... a ...... g
Anatase in ·Water (FiSHre 6) 
A 
B 
-c 
.. rX~ (Max) = 0.56 Micron 
~2 ln 0.56 = 1.158 
-1.213 -0.928 -0.741 
-1.391 ~1.060 -0.855 
1.722 1.682 1.617 
ag 1.60 1.70 1.80 
-·--------·· -·-- .-d· ·----·-(µ )---··--------- l -------------·0-.-46-· ·--------·· ---· -o-. 44- ---- -·- - --- 0 ;-48· -
~332 (max)(µ - J · 8.30 7.30 6.45 
.,, 
The last entry in the preceding table indicates the-manner 
in-which the maximum mean sca.ttering ·coefficient per unit thickness 
decreases in magnitude as d32 and crg are increased 
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.. EXPERIMENTAL 
. ' 
Methods of_ Measurement 
Spectral transmission measurements of pigment suspensions 
- wer, made· on a Beckman DK-2 ratio recording. spect-rophotometer using 
/ 
-wavelengths in the near ultraviolet, visible, and near infrared por-
tions of the spectrum. 
;. 
The pigment materijls. used fn. t-'&is work are colllli1ereially~. ~··-·-· . _----- -----
available. Both of the silicas were supplied by ·the Cabot Corpora- .. 
~-
t ion Oxides Division, Boston, Massachusetts, with a reported surface 
' 
area of 200 m2/gm for Cab-0-Sil M-5 and 255 m2/gm for Cab-0-Sil HS-5. 
-- -
Baymal colloidal alumina was supplied by E. I. du Pont de Nemours and 
Company, Incorporated, Wilmington, Delaware. Du Pont reported a sur-
f·ace area for Baymal of 274 m2/gm. The New Jersey Zinc Company, Palmer-
ton_ Res.earch Laboratories, Pennsylvania, supplied the Paper Ad alumina 
--··-------------· ----·-·"'----c . .,· ____________ and the rutile and anatase, titanium dioxide pigments. The Paper Ad 
.. , t 
alumina and anatase A-410 pigments are used primarily-in the filled 
paper industry while rutile R-710 is used in the paint industry.· Both 
titanium dioxides are reportedly free from surface treatments. The 
·-·-· ···-·~-· ~-.. -,·· ... ··-···-~-- - ---· repor-ted-surfa-ce areas for Paper Ad alumina., ... rutile _R~710, ic1nd "~1;~_fJ~ --------~------·-··-----------• • l 
,, 
A-4_10 are 21. 6 ,' 6. 7, and tS~ 9 m2/gm with corresponding particle diam-
·==----:--'~--"-----·-· eters -~rom_ Eq_a~ion _lQ __ ~q1..1~1 .. t<>~o.·1o_mi~~._p, ___ o. __ 2l_ micro~_, _____ and0.175 _____________ _ 
---- .. - ·- . - .. -... --.. ~-~---·----------
---·-···--······--···· 
..... '···'·,·::. 
.,,, 
. t ········-····------·-·-···-····-··-·-.. -·-- .. ,---·~-----.: ·-------··---
micron, res ectively. 
-···· --·-·-· ·- ··--·--···-· .. ·-··--·-
-·-··--·-···-----· --~--·~. ~-~ 
. ....... . 
_, 
-----
-
Figure 8 shows electron~_ microgi-apbs a.t Jl ~gp.ifi~11tion ~.lf · ... 
approximately 5000X oft the p1gments studied in this work. . The top two 
prints of the silicas immediately show th~ chain network .character-
-istic of silica· pigments. Measuring the size of the flocculates from 
·-
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Figure 8 - Electron Micro.graphs of .. th~ ·Materials 
Studied in This Investigation 
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--- large··magnified prints (25,000X) yields an average particle size of 
.. app.roximately 0~20 · micron, yet -converting the specific surface area 
to particle diame-ter by ·use of Equation 10, one obtains ~- 014 micron 
. ..., •, 
-and 0.011 micron for· Cab-0-Sil M-5 and Cab-0-Sil HS-5 respe-ctively;· - ---------------
. In a general sens~, the light scattering ability of a ·pigment is 
" 
roughly dependent on its projected area, therefore, it is not sur-
prising to find' particle /izes measured from light scattering of the 
0 
silicas to be approximately 0.2~cron or greater depending on the 
effect the medium has on stabilizing the suspended particles. The 
middle section of Figure 8 shows the electron micrographs of the alu-
minas. Measuremen·ts of Paper Ad at magnifications of 25,000X yields 
a mean particle size of approximately Ool5 micron with the particles 
somewhat rod shaped. In the case of _Baymal alumina·a.percentage of· 
the particles are more spherically symmetric than in the Paper Ad, but 
at a magnification of 100,000X almost the whole of the sample is com-
posed of very fine-needle-like particles. This shows up as the small, 
; 
faint images on Figure 8, consequently it is most difficult to esti-
,. 
mate what the particle dimensions are for the Baymal sample even at 
_, 
,.,, . 
'if-' ; 
.. ---.......... .:.4..------~ 
. . . ~ 
· --·--- ---------------- · --- -- ·100,, OO __ OX. _ The case·_ for· _t,he _ titanium _ dioxide. . ..e.lec_tro11- micrograph.s-,---------
------- shown---en the -'"bottom of Figure 8, presents a different pattern. ---'these · · ------, 
- ·r 
-------------------~ ___________ pigIQent: s. _ can _he _a. __ p_p_r_oximated_ as s_pherica 1 ly- symmetric ~and . a part.i_c_l __ e ______ ----------'-·-_::--------_---------~ 
- -- ·---···-·----------
----- - --------·- ---- -- ---------
~ 
. ' --
----- - ---- -----
__ ompany on the part±c-te size- ai-str1.ouf--iQp.s-:-give;-a32 =._ 
• .l • • • • 
.. 
r· . 
0~286 micron, ag = 1.48 for rutile R-710 and d_32 = 0.172 micron, 
~" .. ,. 
~~~-
Ci/~ 
ag_ = 1.37 for anatase A-410. 
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best one can do tc, determine -.:he p_rimary ·particle sizes of these :six~ 
samples. Only under the most ideal situations when one takes exhaus-
tive measures to disperse a material can this same situation be du-
pli_cated. The work presented. -in this investigation ·was ·purposely de~ 
signed to have the pigments being dispersed as used in a more practi-
cal situation. Consequently, as a first approximation, it is expected 
.~. - . . .. ----... ----·--·.. .. ...... _ - .. 
· that the particle sizes reported here will be greater than :those found 
from the electron micrographs. 
The pigments were dispersed in a water medium which·was 
buffered to pH values of 3.00, 4.50, 6.00, and 7.00. All of the ex-
·,;,'. .a . , .• , periments were performed at room temperature (25°c). The compositions 
" ····----·--------~-- ·---·- -~~-- ···- -·· 
of the buffered solutions were made according to the requirements in 
the Handbook of Chemistry and Physics (37), and subsequently tested on 
a Beckman Model 72 pH meter. Also, the conductivity was measured on 
these same buffered solutions using a General Radio Company, Type 
1650-A, Impedance Bridge. Measured values of pH deviated from the re-
quired by normally +o.10 units, and the conductivity measured 0.01 
-
reciprocal ohm centimeters -for all four values of hydrogen ion. c.cpn-
.. 
centra.tion. The consi-stency ·of the conductivity is important in that 
-'---· I L,;s---
the ionic conductivity of a solution affects the electric·al double 
layer of the pigment immersed, as ,the conductivity increases t~e elec-
"' 
- -· "i... ·-·· --
. ' 
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-· -r---' 
I 
, • I 
II 
-·--- -- - - - -- -- 1f, 
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··---------------Iii-, 
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~ . 
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tric dou·ble layer is compt"essed thereby resulting in a different sta-
-
- • " ----------, .. ,c,-•~.,.- ..... 
. ' 
-:-·, .. 
bility as a function of not ·only conductivity but also pH. In this 
work, we were only interested .at the moment in measuring the effect 
. 
-
. 
of pH on the st~bility o.f· a P:i.:gment, in water suspensions. That is 
• 
·why w_e did not allow the conductivity to vary making our study more 
' 
. 
complex by. ··introducing another variable •. 
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-~-~~---- _--To--o-bta-in ·the·· ·p·igmenc·-materiil-sin a-well dispersed ·s-ta-te-
for use in the transmission measurement$, the pigment s·uspensions were -
placed in an ultra.sonic bath··with a ,ffequency of approximately 3000 
I.-,-. 
------------ ------·- ·-
........ , ... , 
--->·-· ....... ~ ,.-,. ··-· . 
-
·eye les per second. ·Glass beads were added to the flasks containing 
the SQ~_pensions and the milling action· was acC:,omplished by· shaking 
the flasks by hand for a short time. This techniq~e r~sulted ___ in .---·------.. -----~----------- ---- ------------ .... --- -··-·--·-- -- - ----~ - - -
breaking· Up the· large aulomera teS. and helped Wet the pigment IS SUr-
·---------· --',;\f',, face faster. A good dispersion ·was obtained withi"n 20 minutes when · 
\ the suspensions were placed iri the ultrasonic bath. 
The concentrations· of the samples varied from 9. 95 gm/lit·er 
. 
. for both Cab~o~S·i.1 HS-5 and M-5, 0.11 gm/liter and 0.80 gm/liter for fJ} 
Paper Ad alumina, and Baymal alumina respectively, and 0.045 .gm/liter 
for both titanium dioxides. These suspensions were then placed in a 
glass-walled transmission cell having a cell length(!) of 1.0 centi-
meter. In all measurements a matc_hed cell containing the water which 
was buffered to the same pH as the sample was used as reference .. 
To convert the transmission data to the measurement of the 
scattered light, Equations 12 and 16 were used (page 23). The ex-
-· _ .. ---·. -.---···-----· ------
--····-··-. -·-····--------
perimental T/c which is directly proportional to the scattering co-
, . 
efficient per unit thickness was fitted against the wav~~~!).gths _ to---:8-::U.D_:._:._::,~-.:.::::----::::...-----=~-·---
. I 
. equation of the same form· as Equation 1 for the case of the alumina~----
4 
• and silica· pi-gments --· . 
ln -r:/ c =: B 111: Ao + C 
-Equation 21 
---------'"----· . 
. and- to the form of Equa,tion 19 for the anatase and rutile pigments. 
0 • . 2 
. . ln T/c ~ A ln A + B ln A + C 
· 0 · . 0 Equation 22 
As in the theoretical case, the standard multiple linear .regression 
. r --- . 
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-computer program performed these operations. The only difference be-
----------------- ·- -- -- .. ------ -------- ··---- . .:......,..'IICc-:----------· ---- . ---- -·----·-·" ~ . --- . -------- - --- . 
· ·· ·tween Equations 21 and 1, and ~quations·2t and 19 is that the coeffi-
. cient C will be different, this difference being related by the propor-
···-~·-0----c'---···-·····~--------·-t-ionality--const--a.nt in Equation 16. This is not a major concern since 
we are ·only interested in the rates of _change of the scattering abil-
-, ity of a pignient _ c:1._~ measur_~g 'J)y __ ~le with res.pect to .the wavele-ngt-h-.- ----------- --: 
--· . . . . . ..... -. ----Th-ese-rates of change completely describe the system in terms of par-
ticle diameter and particle size distribution. 
Selection of Constant Values 
---- -- --- -
. _1:. --------·---- -- ----·- --------~-----,._-~ -~-·---~~-- -· -·- ------------------ -------------~ .--;, . . .. ... - -·-· 1. Wavelengths 
For the spectral transmission measurements the wavelengths 
scanned in a vacuo _(A 0 ) on the Beckman DK-2 spectrophotometer were 
0.415, 0.45, 0.50, 0.55, 0.60, 0.66, O. 70, 0. 76, 0.80, 0·.86, _and 0.94 
~·- fractions of a micron. This wavelength span gives approximate size 
parameters (a.) based on the par.ticle diameters estimated frrm the 
electron ·micrographs for all the materials ranging from O. 73 to 3.00. 
. ,, 
As seen from Figure 1, these a values place the silica and alumina 
pigments in a region well --below th~ first maximum, and in Figures 2-
,~ and 3 the titanium dioxide pigments ·are pl.9:ced on either side of the 
maximum-scattering coefficient. In order to place the silica and 
- ·----------
.;._=:..._---,...,-....,.---,-~~---=------ ~-----~~-- .. ----
a 1 umina pigments in a. region where the sc::c:1t~~!~ng CQ~ffj.~jent_ goes 
----- ------------- -- -
\ 
. "' 
----·--····· .. ···- -·--·--
. "' 
- - --·------·-----·-------- - --- ---- - .. 
- ---- ---~----- ·--------( ------
Q 
' 
through a maximum one would have to scan to a waveleng-th -0 f ·o. -100 . ----- ------- ------ --- -----
. --~ . - -· • -~---------·--------. 1 -::.:.._, ____ ---· ---- ______ . ______ '.___ 
.. · ... --~~·-··-...,.. ... -.. ~.;===-~ 
--~., 
~--~----~·-c- -----~,. ••- - - . ······--·-'""'. -
-, 
-· t. 
micron- and below. On the Beckman DK-2 this is not possi-ble~ 
The wavelengths listed in the figures and _ tables are those 
in air while the values used in the calculations correspond to· the 
wavelength of light in the medium (Am). Maron' s equation(.16) for the 
-dis.persio~ of water w;:is used for 'the correction to_ 1Am with no allowance 
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made for th~ ~ffect of the disSolved salts in th~ buff~;~d sol~tions, 
which: would be nearly umneasurable at. the, concentrations used. 
' 
" . 2. Refractive Index 
" r ,r-· 
.. 
, ... : ,.,c_ 
.. 
The-·-refractive index values for rutile .were. selected from 
DeVore's data(38), those of anatase and a~umina. fr~ the Inter~~ional 
Critical_ Ta.J?~~~(~~) an~-~~~---~!!!ca values from 'reference 40. In the· 
. ···-·····--··-··---------···· -···· -···--·--·-·····--··------------·--···-···--·----·--·---·------------
case of silica, the data· were for vitreous silica, -~hich has a d.en-
. sity of 2.203 gm/cc •. In all four cases, the refractive index data 
were fitted to ·the well known Cauchy ·disper·sion formula, which is of 
the form 
. n = Equation '. 2.3 
where n = ·Refractive index 
).0 . = Wavelength· in a vacuo. in .micro_p.s ..... .... "'';",""' T ,• • 
The table below lists the constants a, b for the materials under 
study, inclu,ded are the values- for the water medium, and the density 
- -..... -- . . - ------- . -data .• - ---- _ - --~-~---~~-----
Table V 
Refractive Index and Density Parameters 
Material 
-Vitreous Silica 
Alumina 
a 
1.4449 
b 
0.00416 
Ordo Ray .7513 0.00578 
~: ---Ex·t:-···R.a y · ~~-:11+"1-7--,--... -. cr.1ro-s:oo . 
g (gm/cc)· 
2. 203 
3.965 
. .;,; .. 
-- · -- -------__ _--- _ ·__ ·. _ .,. -· - '. -_ -:··----__ -----_------·1\:nata·se -- - -- ------- ------·-- ------- ······· - ---- -
Ord. Ray 2.3129 · 0.08842 3.84() / .. ·· ····· ·· -- -
- -- - - - -- - --- - - . --~ --- ------- ----=---· _....._ ___ . --. ~----
- ·..::~le.. .~.:/ 
·, 
:•? ............. .. 
_- ..... ~-··Exto ·-·Ray ····------·-···----~--~2-.-2~7 ~::.·· ---8.01168 ·····- .. ····------,-----· -- --~------·- ......;...._~1,~~~~c_.c;,;_.;;..;_'-'----_ '.
Rutile 
Ord •. ,Ray 
Ext~ Ray 
Water 
- -·. 
.2.3970 
2.6334 
1~3239 
0.08010 
.0.10080 
0.00299 
.4. 260 
· 1.·000 
. In the caseijJ where birefr·inge~cy ·exi~ts the arithmetic average w~s 
µsed_. for the refractive index. 
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Tables VI, VII, and· VIII ·tist the Tic ·values ·for· the ·silica, 
"' 
• 
I 
alumina and titanium 4ioxide pigments respectively as a function of 
· bcfth pH and wavelength. From this data it is .:easily recogni~ed that 
the scattering ability of a material increases apprecia_biy as the re-
fractive index of the material increases. Also notice the change in - ··--- ·----. ----· -------- . 
. _;_,• 
- -- --------- ··-~---·--·· ---- ----- -- ----- --- -
. - - -- - -- --· -- --- -- . - . -· - - ---- ---------·----·-------"----
., 
-,::• 
C 
-------------------
the magnitude of the specific turbidity as the pH is varied;_· this ef-
fect is most pronounced _in the case of the silicas and titanium di-
..__ •~- \ 
· · oxides, especially ·the anat~se sample, and to a lesser degree for the 
aluminas. Figures 9, 10, and 11 show the speci-fic turbidity as given 
in Tables VI, VII, and VIII plotted as a function of wavelength in a 
·vacuo at the 4 pH's studied in this investigation. Figure 9 shows 
only the Cab-0-Sil HS-5 data for clarity sake since both of the silicas 
resulted in approximately the same specific turbidity. As will be'dis-
cussed later, numerically analyzing these· sets of data between the two 
- <;.)silicas shows a significant difference in slope values thereby result-
' ing in different particle diameters. In Figure 10, which- shows the 
-~ -alumina pigments·, quite a difference is observed in both the magnitude 
of the specific turbidity and the rate of change of r/c with- wavelength. 
- - -· .. -· ··- - .. .. - ·-·-··-. -· ........ -- .... -- - -· -·--·-· -· ... - "' ·----·· .. ------ --- - -- . -· -- ..... - •,• ......... ------·· ·--· ------·-. ---·· --- ·• 
- -···- - --~----- --------·-----·---------------- -·---····- --------·----··-.-.-· .... _ ............... --------
Q 
The lower value·s for all the pH's are for the case of theacicular, 
---~--~------------ the unperturbed side, and to the left of the maximum in Figure l (page 
;'..'.· ~: ____ :..:_ •• -..... cc ••• ____c:.~--=-~=-'--'-··-·- - -· -c ••. • .•. • .--.. --- ••• ·-----· - •• _:__·.c..c:;;....:.-c, . .:..=..:......~---·--·- .... ~-· - •• -= .-:--.. -···· -·-·--- --- .. ·---~----- ···- ------ . -~ 
10). This i.s easily r~cognized in the theoretical case by ·considering .. 
. . 
. a constant particle diamet.er. For this· dia~eter to remain constant, 
'" ~ -
. the .siie· parameter (a) by definition must decrease in magnitude as the 
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----Ta-b-le VI 
~. ~--. ... 
Specific Turbigit:y -for -the s~-licas 
.......... ·, 
·' · . Cab-0-Sil HS-5 
pH 3.20 4.75 6.10 
Concentra,tion (gm/liter) 9 4! 9528),. 9._9539 9~8594 
. _ .. ;,, 
. _,, 
. ~ ... : . 
7.10 
9.9467 
-•--~•·-·o----- ----·· ~---~-
Wavelength Cul 4 /c 7 /c ·------- __ xlc____ _ _______ ----z}c _____ ~--
- --
~-
------ --
~,.. 0.415 0.1995 o. 2387 
0.450 o. 1622 0.1959 
0.500 • .. 1:. . o. 1214 0.1534 
0.550 0.0936 0.1183 
0.600 o. 0741 0.0944 
o. 660 o. 0561 -o.074i 
-- ---- -· ··--··-········-- , _____ ·-. - - ... ---- •······ 0.700 o. 0486 0.0634 
' . 0.760 -- 0. 0383 0.0518 
-~~ 0.800 
-0. 0331 0.0454 
0.860 .0.0281 0.0376 ~ 
Cab-0-Sil M-5 
• 
--·-- - -· -- - -- . ..,,......_ 
. ., __ 
-
·-···· ----- -----
pH 
Concentration (gm/liter) 
Wavelength Cu) 
0.415 
0.450 
0.500 
0.550 
------- --·---·· 0.600 -~---·-·-·-----·: 
- __ _,_ --- - - , .... 
0.660 
o. 700- --- -· --···· --- ... ---,.-.- •· -· ~----------·-·- ··-· ·-
0.760 
o. 80;0 tr 
-----~--~---- - ---------- -~ ------- ------ - -0 • 860-- - -- -.. -.C--. --··--·-----·· · -~--------~----· · ---
. 3.00 4.55 
9. 9530 ";s,,~ 9., 9510 _ 
Tic - _ xlc 
0.1949 0.2528 
0.1533 0.2070 
. 0.1132 0.1547 
0.0832 0.1185 
o. 0628 0.0920 
0.0466 0.0725 
····0;·0391·· --o~-0606 
0.0298 0.0487 
0.0255 o •. 0417 
0.02·04 0.0346 
---- ------------·--------------------------- ------· ' . ---------. . ' ·-·. . . ' -- , .. _ ----------~--------,-- ---
r --
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0.3490 
0.2891 
0.2420 
0.-1994 
0.1666 
o .. _1311 
0.1213 
0.1009 
0.0903 
0.0769 
5.90 v1 
9,943.5 ,, 
xlc 
0.4028 
0.34SO 
0.2635 
0.2042P 
0.1629 
0.1283 
-o; 1099 
o.·oa1a 
0.0779 
0.0647 
,·.:·,_. 
0.3664 
0.3052 
0.2392 
0.1907 
0.1543 
0.1249 
0.1089 
0.0893 
0.0797 
0.0672 
.6.90 
9.94751 . 
rlc 
0.3514 
0.2961 
0.2246 
·0.1114 
0.13S3 
0.1056 
0.0907 
0.0737 
0~0639 
. --
0.0523· 
-----·--·-
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_ Specific. Turbidity · for the Aluminas 
, .. • •• • '• •• " ' "-~-... -4,,, •• - 1 
Paeer Ad· 
pH , 3.00 4.50 6.00 
Concentratio~ (gm/liter) 0.1437 o_ 1120 
-- ~ 
·- '\ . 
•• q,,• .: . ..o_ 
... J ' • .. - ... ~ 
.7.00 
04'.1016 
. , 
--,L--~~ ... -:--:-. . -:-... --c .~ • ••~-------..Waiiiiiiiv __ e __ liiiiiiiiieng..a._.t ... h... --L~u>:""-------- ---------·---·----------. --. ----xt-C- -- ····· · ----T /c---- -
o. 09.7// 
·. ---xlc" --·tl·c-------·- --------- · --··-···· 
......... .._, 
.----· -·---------------~ 
. .. . 
_________ ,, -
., .... "-'· 
.'.-c:"• 
pH 
0.415 
0.450 
0.500 
0.550 
0.600 
0.660 
0.700 
0.760 
0.800 . 
0.860 
0.940 
-· ,: 
.J) 
13.265 
12. 628 
11.809 
10.804 
9.809 
8.738 
8.075 
7.266 
.6.651 
5.985 
5.107 
. 
Baymal 
14.576 
14.035 
12.965 
11.872 
10.775 
9.531 
8.822 
7.896 
7.302 
6.478 
5.553 
. 4.50 
14.398 
14.064 
13.121 
12.258 
11.273 
. 10. 092 
9.392 
8.448 
7.849 
7.073 
6.085 
6.00 
15.001 
14.378 
13.394 
12. 219 
0 10. 984 
9.833 
9.099 
a·.049 
7.434 
6. 618. 
5.756 
1.00 
Concentratio~ (gm/li~er)' 
3_.00 
0.9966 
t.lc 
- o. 9777 . o. 7270 
-c/c 
· 0.6236 
Wavelength Cu) "'·· ,:·le T·/c 
0.415 3.432 3.3,80 3.599 2.794 0.450 3.209 3.086 · 3.387 2.669' 
____________ O!_~Q9 ___ ·--=-'-~~-· --2-~Z-69-- .. 2.-795 - . 3.175 2.-462-- --- ----~-~-'---.-----0. 550 2·.465 2.469 3.020 2.346. 0.600 2.232 2~260 2.855 2.224 0.660 
·2:045· 2.086' 2.708 2.123 
0.700 1.927 · 1.980 2.630 2.063 
o. 760 1. 7.2--'~-- _______ 1_._s_10. ____________ 2 __ • __ 53_9 _______________ 2.ou _____________ - ___ _ 
-------0.800 -- -; 1.692 1.740 · ., 2.471 1.960 
0.860 
__________ 1. 511 1!_622: .... 2._405_ __ _ 1 •. 928 - .. ;,-,-- .. ......,.. ...... ~,.·--~--·------··· -------·--·--.... ----_.-----
-·---- --~-:~_-___ -··o~940 
.rl.366 1.481 . 2.313 1.906 
,, .... _ ...... ;.,,: 
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Anatase-A-410 
~- . 
pH 3.oo 4.so- ·6.oo 1.00 
Concentration (gm/liter) 0-0410 - 0~0500 0~0512 0.0485 
Wavelength (µ) __ !!: __ -------------~~~-~---------- --~-['? _ _____ _______ I/_c _ 
---·--·--- ------·---- ·. _ _;__,.~-....;..~.~~---------- --· .. . . - ------ - .. ----- )/~ - - --·------.------·-
0.415 25.277 24. 688 _34.338 _36.166 
0.450 26.277 25. 691 35.767 37.937 
0.500 27.018 26. 633 37.042 39.063 
0.550 27.627 27.257 37.617 39.063 
,, ! 
I 
! 
- i 
I 
I 
; 
- : 
' 
0.600 -2.7. 627 27 .416 37.617 38.514 ·-"~'. . _, ....... ! 
'----~~------------·--- ---
0.660 27.370 27.257 37.082 37 .457 
0.700 -- --- -- -- -------.--~: ---:-------- -- --2 6 • 769 -- - 26.-943 35.561 -36~452 
0.760 2_6. 037 26. 368 -34.150 _ 34.135 
0.800 25.187 25. 772 32.623 32.656 
0.860 23.571 24'. 630 30.070 30.162 
/ 
-- o. 940 .,. 21.691 23.159 26.697 26.832 
·; .. 
Rutile R-710 
pH 6.00 
Concentration (gm/liter) 
wavelength Cu) 
3.00 
0.0343 
--/c T 
4.50 
040450 
1:lc 
0 .. 0464 
xlc 
7.00 
0.0435 
I/c 
0.415 ·19.893 24.120 26.541 28.058 
0.450 20.486 24.937 27.614 29.194 
" 
0.500 21.461 26.268 28.414 30.437 
0.550 - -~:-.- -- - 22~470 27.476 29.760 _31.884 
0.600 23.250 27.992 30.466 32.451 
. , ______ , _____________________________________ ----- -0.-6-6.0. --- ---- -------------------- --- ·-.------~---,-----~---: ____ -- .23 .. 515 - -----28.--799 -- - -,, -31..-0-5-5 - --- -32.831-- -- ---
0. 700 23.782 28.964 31.055 33.032 
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0.800 - ----- 23. 782 28.473 30.5.10 - 31.884 
0.860 . 23.515 27.521 29.459 30.790 
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- · m.aterial. This same picture is realized in Figures 9 a.nd· 10~ Figure· · 
. . f 
ir· 
11, on the other h~nd, 'itlustrates the scattering ability of a .pig- r 
ment when -the particle diameters straddle the first maximum in Figures 
2 and 3. Again the qualitative agreement between theory and experi- ,·j,, 
.-'*'.· ; 
d 
'· 
ment is apparent (Figures 2 and 3). 
-
Table IX lists the coefficients B as calculated from Equa-
. tion 21 as a functiod of pH for Cab-o~sils HS-5 and M-5, Paper Ad and 
Baymal aluminas. The particle diamete_r, d32 , determined from this 
slope from Figur,es--·4:and 5 is ~lso given. The coefficients A and B 
-· - for the titanium dioxide pigments, anatase and rutile, are listed, 
being computed from Equation 22. For the titanium dioxide samples 
both the particle diameters and geometric standard deviations, og,are 
given as read from Figures 6 and 7. Examination of this table shows 
that in most of the materials stu4ied in this investigation the par-
ticle diameters are larger than measured from ele~tron mic'rographs, 
the effect being most pronounced at a pH= 6.00 for ;he silicas. In 
the titanium dioxide pigments anatase A-410 reflects a la~ger varia-
,-
l."' 
.... : ________ -·------~"---·C~cc ... -----------------t!_<:>p.' Wi1:1:l._ pH . in both the determined particle diamet·er and geometric. 
,. 
.• I 
----···---·---•""'"...,._,, 
,, .•. ~ ... 
standard deviation than does rutile R-710. Both of these titanium di-
oxide samples show a larger particle ~iameter and a larger g~ometric 
-~ - -
------ ·- .. -···-·- ·····- ------- - - ··-···--··---· --····-··--·-·· .. -----····--·-----------
---- --------------
s tafio~fra···a·eviatiofi · than from the_ir electron microscope (EM) counter-
mic1:~n, og = 1.37 with rutile R-710 having ,a d32 = 0~286 micron, and 
ag = 1.48. This deviation between the EM and light scattering methods 
-f-- of particle size analysis clearly is indicative of the manner in which 
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, Experimental Logarithmic S_lopes with -Resulting 
Particle Diameters and Geometric Standard Deviations 
{, . 
Pigment pH A B 
Cab-0-Sil HS-5 3.20 -2.7251 
4.75 ~2.5490 
------------------ ------·-----------------------------·-·-··--·----------------- ,\ ---------·------------·--·--·-·--
. 6.10 · -2.0564 
7.10 -2.3321 
Cab-0-Sil M•S 
--
Paper Ad 
. ' 
l' 
Baymal 
Anatase A-410 
3.00 
4.55 
5.90 
6.90 
3~-00 
4.50 
6.00 
.7.00 
3·.00 
·4.50 
,6.00 
7.00 
,3.00 
.4.50 
6.00 
7.00 
-0.9869 
-0.8209 
-1.2673 
-1.2241 
. Rutile R-710 .3.00 -0.5846 
. 4.50 -0.73.31 
.. . 
---- - - ----- --- --6-.-00--···-- -- --Q. 7421 · 
7.00 -0.8879 
" 
-3.1181 
-2.7500 
_ ~2.4051 
_ -2. 637 
.. 1.1655 
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0 
-o. 5461 
---- - -0 •. 6030 
.-o. 7764 
·~2 Cu) 
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. 0.170 
-0.2.30 
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-the pigment · particles are· .aispersed ~ and from : this work · shows a marked 
- -- -_difference in -the stability ·of a· .system of particulates as a· function 
of hydrogen ion-concentration. Figure 12 shows a plot of the particle 
(! 
. di~meter, d32 , against· pH for the silica and alumina pigments. From 
. 
. 
this figure it is easily recognized the larger variation in Cab-0-Sil 
HS-5 as compared to Cab-0-Sil M-5, and both· the silicas show a still 
much larger variation with pH than the Paper Ad and Baymal materials. 
This figuJ shows the minimum point of stability (maximum particle 
size) occurs at a pH·equal to 6.00 for Cab-0-Sil HS-5, M-5, and Paper r 
. Ad alumina, while that qf the Baymal sample does aot yield a definite 
maximum in particle size over the range of pH's studied. Figure 12 
clearly shows that the larger-surface area particles will flocculate 
!i 
more, thereby resulting in larger particles. diamet·ers than the. lower 
surface area materials. In the case of the silicas the particle di_am-
. eter for Cab-0-Sil HS-5 is twice as ·large as that for Cab-0-Sil M-5 
at pH= 6.00, while the surface area is only 1-1/4 times as large. A 
different situation takes place for the alumina pigments. The larger 
. 
.. . 
surface area material still results in larger particle diameters, but 
• 
;! 
I 
. \ I 
I 
·" 
I 
' 
. •····- I 
I 
I 
'1 
· ' · , -- the ratio. between diameter values is low while the surface area_ ratio .. ---------------~--- 1 ----··------------- --- . . . --·----------------.... -·•-- .. -·---··-······----·-.. ·-· -, -- ·--·---··-- ·-·•·" ........... --·-·. . .. -·-------·-- ··- ..................... ··---- ....... __________ , ............... -- ., .. -- ·····~----· ._ .................................... ····-----·--·--- ........... __ .. __ ·-- -- . . .. . . .. . ,' . . . . . . ' . 
---- -----------~ 
is 10 times as great. One other interesting result·· from Figure 12 is 
th_at the Paper ~d alumina sample yields the same particle diameter from· 
BET- measurements - (0. 70 micron) as does the light scattering measure-
----•·--·- __ ,,~--------·a.--•~ ........ -'-=~-.-·-•·,---•,--·•· • • 
----=--...::...-=======---:-----'---Ule'fl·t. --!h-i:s--is--th,e-onf,y---sampie tlra:r-p-r-odu_cea tli is anoma I y. 
--~~---·--· .. _____ -- -- . --~~ -- ........._. _ . . ' . 
" . Figure 13 shows a plot of.Brookfield viscosity in centi-
.. -
-·poises vs. pH for Ba~l alumina. . This plot was reproduced from in-
,;, . 
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' forma~ion, supplied by · the Du Pont Company on this grade of their 
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curve in Figure 12 for Baymal, it is immediately apparent ·that be-
' ) •' 
tween pH= 4.0 and 6.0 a definite change is taking place in the Baymal 
properties. The -viscosity data show this trend more -significantly 
.... 
\. 
than the particle diameter data, but these two figures serve to il-
l11s.trate-that fo-r a marked inerease in viscos-ity -the part-ici-e --di--am-i-----
-eter also incre~ses between pH values of 4.0 and 6.0. 
Figure 14 shows the particle diameter, d32 , and geometric 
standard devia.tion, ag, plott-ed against hydrogen ion concentration 
(pH) for the titanium dioxide materials, rutile and anatase. Figure ,, 
14 shows a most significant result for anqtase A-410. Comparing the 
plots of diameter and geometric deviation both curves have the same · 
identical shape except at a pH equal to 6.00. _At this point the diam-
. eter still decreases but the geometric standard deviation makes an 
abrupt change and starts to. increase. On the other hand these same 
~ parameters for rutile do not show as drastic a change but· in the case · 
of the particle diameter vs. pH, rutile shows a.decrease in diameter 
-----~-------'w-it-h increa-s-ing pH. The,· geometric standara deviation ··· or t · is mate-
.. " ~ .. , . .,,..,. 
.. -- -- -- - . - . - - ---·------------· ------·-------· - --
-----------·--·----·---------------- · · · --------------- -- ---r'i:al- is -iiearly · ·co'i1s tarit . over this -pH -range. 
Table X below lists the modal diameter·, dm, and the diam-
.. ··---- --eter for which a·ll particles are below 99. 99%, D QO., as a function ~£-~ 
_________ ,, __ --------------
- . -----------.. ---------~· 
c. ·----------·---·-----·-~----
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hydrogen io~ conce~~:t"~~!.Q_JJ.. _FQ _ _1: rµti..le and anatase mat:erials, _thesa 
diameters were calculated by use of Equations 4, 5 and 18. 
The diameter values for anatase in Table X indicate that at 
pH = -4_·.50 a minimum of stability should exist and at pH = 7 .00 a maxi-
mum of stability will occur. ·.Figure 15 supports this point more 
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str~ngly. I~ the- case,of rutile R-710, the data in Table X suggest 
--- --·- --- .. __ ---- --~-----------···· V 
that the ·minimum df stability should occur at pH = :J.O and that th.e ____ ,_, ______ . ·_, __ .. __ , ________  
' sta.bility should increase with increasing pH. This concept is sup-
ported qualitatively by past investigations in aqueous systems in this 
labora tory(41). 
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Modal Diameters, dm, and Diameters,· D00 2 for the 
Titanium Dioxides as a Function of pH 
Anatase A-410 .. 
pH <Jiu Cu) n-,. Cu) 
""r 
~~---~-.-:. .---- ........ , --
Ru.tile R-710 . 
!!_m (u) DfA (y) 
1.62 
1.52 
1.58 
-- . . ~ ·-·:,:c-----,::1 
.:·_··_ , ... } . .. : ... : ---·· ,_ -··----· ··-·--·- ·----· ... . 
.3.00 
4.5:0 
6.00 
7.00 
.0.180 
.0.178 
0.183 
0.168 
1.60 
1.84 
1.36 
1.37 
0.212 
0.202 
-0.194 
0.188 ' 1.41 
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Figure 15 shows a plot of zeta potential vs. pH for the 
,(I 
sample anatase A-410. These data poi~ts were taken using a ·commer- ..... 
) 
cially available instrument manufactured by Zeta-Meter Inc. and are 
included in this thesis by~ermission of The New Jersey Zinc Company, 
Pal~erton, Pennsylvania. The striking r.esemblance between Figure _15 
- - - -~"'A•--····- . ·-·-~ --·- . 
. • 
and the anatase curves in Figure 14 beyond pH =·4.50 gives conclusive 
~--------. --------------~ 
D 
,. evidence of the light scatteri~g _method in ~~_te~i~i~g the mi~~mµJ;ll _______________________ , __ . ______________ . 
·-··--------····-·-·-····--------·--·---··-·: ·-·. ···--·· . . . --- ---·····-··-·-·------······--·-· -.---· ·-·---··· 
-······· .................. -·· . ··--·- -· .. ----····- --···- .. . -
and maximum particle diameters. Figure 15 shows a maximum negative 
zeta potential at pH = 7 .o and Figure 14 indicates a minimum particle ·· · 
-d-iame-t-er-_a-t- -~this- --same-- pH va·lue.--------The -isoel·ectri·c point· is founa-·-fronr------· · 
D 
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Figure 15 to occur at pH= 4.0. The maximum particle diameter and 
the·maximum geometric standard deviation is found from Figure. 14 to 
-occur at.pH= 4.5 •. 
The anomaly in the geometric standard devia.tion··of1 anatase 
occurring at pH = 6.0 in Figure 14 could possibly be attributed to 
. ' 
. ' 
.... .. -
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the two .. data points in Figure 15 at pH = 7. 2 and: S-;4. These two 
______ ,._, .. .- ..... ---------~~-----· .... ----- --,---------·-·· - . --
--·- ,----· -- . ------· -··-· -·-- ----------· -----------------------·--------- -- --
points .. show a significant deviation frcfm a . smooth. cun_e_; but . tnis ----.-----. 1S 
not conclusive evidence since additional-experiments are needed to 
determine if these data points will reproduce themselves. 
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CONCLUSIONS 
-------------· - -- -- ---· -------------·-- ------- -------- ----
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___ _;t_ __________________ , __ .~-· 
( 
(1) It has been ·demonstrated how the average particle ·diam-
_ __.l,--r,~ -~ -· -
' I 
......... -·------ - - --------------,--:--1 
· eter of silica and alumina pigments can· be· determined from measure-" 
ment of --the- spectral transmission of dilute pigment suspensions. 'i 
(2) It has also been demonstrated bQw the average particle 
size and size distribution of titanium dioxide pigments, rutile and 
__ ,.:') 
- !! : • . -- . ----- ---- .. ------- -- -
-- - -- ------·-·- - -~ . .· - . " - .. - ---- . --_ -·- _-· ,,.- : 
anatase, can be determined from measurement of their spectral -trans~ 
• • 
m1SS10Jl. 
(3) The ave·rage particle diameter and geometric· standard 
.change of the specific turbidity. vs·. wavelength. 
Two grids relating the first and second derivatives of the 
specific turbidity ·vs. wavelength to the particle diameter and geo-.. 
metric standard deviation (Figures 6 and 7) were constructed for ru-
tile and anatase in water suspensions for the case of these materials 
having a log-normal particle. size distribution. Two ·curves were con-
... } 
structed (Figures 4 and 5) relating only the first derivative of the 
specific turbidity vs. wavelength to the particle diamet:er for silica 
p 
I 
i 
.. , 
11 
I 
--- - ".:v.:~ - -····- ···-·· ··--~-- -~ 
·, 
-...., d . 1 · t ., . 
..... -.. -----···-·-~-.:....._,, __ ., ____ ,___,. __ _,__ .. __ .. ___ ---an -a um1na wa er_ . suspens_1ons .• _ .. -- -- • -• .... _, __ ., _______ ,. -C -.- _,... - ..... L __ 
(4) Particle diameters were determined for silica and alu-
.......... 
mina pigments as a function of hydrogen ion. concentration (pH). It 
. 
--······--·----··-··-···-- __ ,, _________________ ,._.... ----·--·-·-···---·-···--···•-----·--------------- -------------··----·-· - - ·-------·-------- --
···--- -----------·--~·---~-~-·-~~. 
... has-"oeeii-"d.eriionstra_tea-· that the m"inimum.' stability' :of ·t-hese systems . ----~------L..--~ 
~· -- --~-.--. -........ 
.. . 
__ , 
yields the maximum particle · diameter.-------~he--ma-x-imum particle diameters 
for the- silicas occur at pH = 6.0, they are 0.88 micron and 0.46 mi-
cron respectively for Cab-0-Sil HS-~ and M-5. Th~ maximum particle 
· diameter for Paper Ad alumina occurred at· pH = 6.0 and is··O. 68 micron • 
•··· . :,' ..... 
. I 
. \ ' . . ' ' ,. 
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.. (ill 
. .. . .- . .._. .... '-"' .... _--:::::-:1.J:1,-:,.___, - J .. 
'"" .. .-~-, .. •·(-·'., 
... ,-_,.....,, . 
-- """'"""- -
. ,d.. • 
. .7 59 
\.. 
Bayma.1 alumina did not snow a ·significant particle diameter maximum 
-·--·---- ······-----·····-·---- , _______ ...,...!..:;.. ____ ,.. _________ , .•• 
. .. ~ .. 
·but between pH= ·4.0arid 6.--0-th-i-s--p~gmen .. ~-sha-wed-a·-slight- increase in 
···L 
~ diameter. 
. (;\ 
Ftjtther support from independent viscosity .. measurements 
.. ' 
. ' 
over this same pH range indicated this small change in diameter to be 
' 
hi.ghly significant. 
-.. ___ .. __ .... _ - --- -.. (5) Particle- ·size and size .. diS-tt."ibuti..ons-..we-i-e .. , ..cietermined--f-Q-r-,----- 0 --- .. ---.. - ... 
rutile and aria.tase water suspensions as a function of pH. In the par-
ticular case of anatase material, the" particle diameters and geometric 
I 
standard deviations are in complete agreement with independent measure-
.-i ·-
ments of the zeta potent:fil'l over the same pH range. This· agreement 
0 
"' 
betweeµ light scattering results and the· electric doul;>le layer theory 
app .. ears to be operating ort particle flocculates on the order of 0.40 
micron. The maximum stability for anatase pigments O·ccurs at pH = 
7.Q and the minimum at pH= 4.5. At these points the particle diam-
Q 
.. eters are 0.38 micron at pH= 7 ... o an4 0.48 micron at pH= 4.~ the 
geometric standard deviations are 1.62 and 1.70 for the maximum and 
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minimum stabilities, respectively~ . The z~ta poten1:ial is eql!al to . ----- ···-····· _ f 
.. -30 millivol .. ts at maximum stability and -5 millivolts at the minimum 
.. j 
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...... _ .. _ .. __________ .. ____ ....... ----~-----.. --.. ·--------·-·---.... _____ ........... _ .............. - ............... ..................... -- ............. - .... .. .. .................... _ .. -.. ........ ....................... .. -...... .. .. ......... .. . ................ _........................ ............... .... - .. .. .... .... .... ...... ......... ......... ... .. - .............. - .. .. ................ _, __ ........... _ .............................................. , .............. ___ .. ___________ .. _. _____ , .. ___ ·u 
.. .· .. point of ·stability. For. the case of r~tile titanium ~ioxide ·no sig-' 1i~ 
-...... ; · -........... fr 
nificant change in geometric standard deviation occurred over the pH . . J 
... :( 
.. •· .... <: .. ,:1 
. - · ;' ...... - .... _ .. · ::- - -- - - .. - .... range studied in this investigation. Ru tile did not show a definite . · ii 1 
------------ ------- -- ---- -- - ·-- -·--·----- - - -----,.-----·--- -- ----- ------ -·-·-·----·· ·--~--·-·--.. ------·------------····--··-----···-- ---- -- ------ -- ---- -- ____ .. _ .... ·----·----- -· ----.. -·---- ---·----- -----··-·------· ------··-------------·--·---··-----··---:-··-···------ ···--- .. ··-- -- _________ ......... ·- ------ ···- . - .. .. -- -- ---- --------·-- --·---··;;.--- ----·------------------· ----------·~----\.,--·--- ----·--·------·-------------- r~ 
,,1 
•------~-
.. ----~~~imum in p_~!"ticle ~iame~eE •·. __ ~t~ .. !~~B~-~~ .. v~~~~- ~-c~~!l~-~~~-.:1.~_ .. __ ~32 -==- .. cc,· .... ~ ....... --...... -~ 
--~~ ,::--- ~"~- ...... - -~~"-0;4~ micron· at pH--=·~ 3. 00, -while .. the measured geometric standard devia-· 
tion remained nearly cons.t~nt at a valu·e of approximately 1. 60 ove;r 
a pH range equ~l to 3.0-7.0. 
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(6)· The·modal .diameters, dm;-Caiid. in particular\the diameters 
------ ------ - - --- ------------ -- -- ---------------- ---- -------- - ~---------------~--·-· ----·-·---~--·----:-- ---. ---~·--:, ~ 
. . 
. for which a.11 particles are Below 9,!_~99%,. ])co, are strong indica-tions 
-- - - --------- ------- - ,------. _,_ 
for measuring the stability ·of aqueo~s suspensions. These values are 
·dm = o.1·1s micr~n, ])co= 1.84 micron, dm =· .. 0.212 micron and D00 = 1.62 
micron for minimum stability· at pH's equal to 4.50 and .3.00 for ana-
. . 
. ' '1 . 
- ... -"'' .. : 
,•· ..... 
' . 
tase A-410 and rutile R-710 respectively. Fo·r the ·condition of maxiJ''. __ ... -,-... ..... _._~._· _ _ 
-·---------·-····------- ··-------------·--- ----- ----- -------, ·:' ' 
- mum stability these values are dui. = 0.168 micron, Dco = 1.37 micron, 
dm = 0.188 micron, and nm = 1.41 micron :t a pH·= 7. 00. for- anatase 
and rutile respectively. (See Table X.) 
---- - "' -- r. . . . -----------·---- -- --- -·-···-·----·--- ·--·-·· --·-··---· _______ ,. ________ ... ------- . "" ________ ...... -....... -·--·-········-····-···---···· ··--·-,--~-. ' .. . - ..... 
-- - (7)- It has been deinonstrated from this investigation that 
~,• :.::',: .. :w. I 1 ·• ·' 
r 
the· complete particle size distribution· of _a -suspens,.on · can on~y be 
.determined if the specific turbidity vs. wavelength· curves: goes through -
a maximum. ,. If this does not occur only the average particle size can 
.,t 
be ·determined.· 
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NOMENCLA.Ti.JRE AND DEFINITIONS' 
D _ = GeneralJ symbol for any diameter in microns. 
--MJ = Class width of the frequency ~distribution~-----~----·~-
Dco 
= Smallest particle diameter present in-a distribution. 
· = -- Pa-rticle. diameter which -99. 99% of ~~-il _pa~~i5!Ie-aial!let~i-s 
fall below. 
' 
= Effective ·particle diameter of any system. 
= Surface mean diameter for a polydisperse system of· per--
fectly spherical particles. 
.. ,,,i'"''1Ht:f t 
. . . 5.· 
- -----~---·- ---· -
-· .. _, ' - - _- -.·- -·---~--------···-~-····-··------·-"···--·--····-----······· -- -- ·-- ... -· -- ------------·--
= Surface mean diameter obtained from direct measurement of 
specific surface area on assumption of spherical particles. 
-= True specific surface mean dimension (could be linear, 
curve_d-, etc.) • ···-·-···-··-·- - - ··--- ------ -- - - ----- ---- -- ---------, -. --- -- --- -- ---- . -- - - -:dt " ---
. ' ~ !.•, 
. D50 = -The number median diameter on a log-normal cumulative curve; 
50% .of the total particles 1 -diameter lie above and 50% lie 
.below this valueo 
Ds4.13 ·=·The diameter·occurring at the 84.13 cumulative percentile 
on a log-normal plot using a number basis. . 
ag -= The geometric standard deviation. Numerically equal to 
D94.13/n50 on a log-normal cumulative plot. 
~ 
-· --.---·------ N.(D) = Frequency. size distribution f~nction. Represents the num-
- -ber perc~nt -of pa-tticles- occurring -with-. size .D. . _______ . ______________ _ 
. ·dai .= ·Modal diameter. Diameter at which N(D) is a maximum. 
-----. ----------
--~- .. : - -_ ~----·;:_·,··-:··-.-~·--·, 
. = The external specific surface area of a spher_e~ s 
- - - . 
·-·---· ---·-·--···--·-···---··· .. ____ ,. -- . __________ .., --·---····--·--···"····-·--·-- ----·------
.... - .·· .. -,-~·cc·::._:.· .. -::.:·.:::-::.-:.- .. , ... - --~--~---=c;:;: • .:_=.:---:-_:·-.-·::- - -- -- __ --...:.____:_:::_-:: ___ .:_-_=...:...~--:._ ..• ::: •... _, ___ ;:::- _______ _::_ .. -·_-=-:..._· -··=_:_ ___ · ·----~----=-r------- - - ~-----·--·-· 
. ..., 
·····- - .... ······· ., .. 
=•· C - - ~---- _-c=_ =---=----=------="---=--~--===--------:-:-- - ~ ~--·--------·- ---ST .. .,. ~ The= true externa.1 sPeCific area. APJ?!ies. to·.an-~ccentii-Ci-I_:_~"~ --- - ·--···· -~-
-~~~-----,.....,..., ------.. .,,.... --~---_ ·;--~-~-- ..... ,~e~----geometrical ~hape' or a porous material. ..,_,_ --..~- ---- ·- ..... - - ~ . --- : 
. --
- -· - ---- -- ·---·· --·-· - .. --··-----------------·-----·--------------------'--I 
~. 
· .. 
•.' k1, k2 = Proportionality constants to the a·re~ and volume respectively. 
y,- -
p = General symbol for density in gm/cc. 
PP = Density ·of the pigment in gm/cc.· 
-·· ;. 
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_______ ..... _ ...... 
'C == Turbidity-or optical density -of a system_! ____ ·:~~-------·-------~--------:-~---, . -.· -···-----------.-. -- --- -· . -------------~- ---~- .. 
. --- -- .. . . ,,-- --
...,·, 
.. . 
. 
. 
f, 
··cell length in centimeters. 
• Intensities of the original.and transmitted light respec- .· 
tively • 
np = ·The total n~ber of scattering- particles per cubic centi-
·meter • 
c __ = · Concentration-o-f--41-Cattering--pa-rt-iel-es per---cubi:-c·· -c--ent1meter ______ · 
of vehicle. 
,:le =-Specific turbidity-of a system (cm.2/gm). 
= Wavelength of light' in a vacuo -in-microns. 
··------ -----------·--------- · ___ -----:----······-·----------·-.---Am ------- .. __ = Wavelength of light in the medium. 
= Refractive index of the pigment. 
Equa_l t~ _ 't,/nv.· ·-· · - •--·· ------:-- --~ . =-- -
.. -.- -· ----· • ·,:i.· ~~,.-
-- ---~-- - • -
~ .. - .. ,., .:'l• .,. •.• . ~.-
-~ --
n 
= Refractive index of the vehicle (water). 
. . -- ----... ·. --- . ----- _-,. ... - .... --- - . . . ... 
I .• 
m =·Relative refractive index. Equal to n/n,,. 
/3 
a = ·Size parameter. Equal _to nD_/lm_ •. 
K = ·Mie scattering coefficient for a monodisperse system, · 
a f (a, m). 
-K = Mean Mie. scattering coefficient for a polydisper~e system, 
K/D 
a f ( a j m , ag) • 
= Scattering coefficient per--- unit thickness for a IQ.onodisper·se 
. system. 
' 
.. ---···-····· .. ··-- -·-- - -- - - --- . - --- -
---·' ----- -- --·-·- - -- -·--.......... ---~. --'"--------·---~ -------·-------·---·------~------"-'~------·:'·--"---·-~---------·ic/d32·· .. = Tne··me-an-··specifii~-- sc·ati:ering coeffic.ient per, u~it tn:ickness for spherical _par.ticles distributed· lo'g-normally. 
_ A, B, · C = Empirical coefficients obtained when the natural logarithm 
-------=--- __________ :'""'""'--' Q;_ il432 _is fitt,ed against the wavelength in -a-vacuo. --
. ·······-· 
~-~-~----- -
____ -.---------------'" ---- ·c_-- ~--· -
-
-- ... L. -----------~------ · ~--- -- ~ ,-BET- -· --~·= :Braunaer ,. Ennnett and ·Teller method applied_ to adsorption -- --- ----------- -~ --------------- -· -· 
--- _--- -- -_--.. -- ------_--------~ --~---=--~~~--=-~ --~~-s_o.therms~-:_sp.ec-if~ic~-1-l-y, nit-re-gen -a-dsorpti-on~rn-c1etetm~~- _ ·-· ____ , _ --·---
----- . ._ ----~-·-- ---- - ~ tion of surface area of a ·powder. 
EM = Electron micrQscope. .•.,.._:.._ 
=·Zeta · poten.tial in··.millivolts. J - " : ~ . . -
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